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Version abrégée  
 
La technologie sol-gel offre d’intéressantes perspectives d’avenir pour la fabrication de fibres 
optiques, avec la possibilité d’incorporer dans un solvant approprié des dopants et co-dopants 
solubles. Les dopants sont ensuite homogénéisés dans la matrice. 
 
Le sujet de ce travail a été de produire le cœur des fibres par la méthode sol-gel, afin de fabri-
quer des lasers à fibres optiques dopés au ytterbium, et de rechercher leurs propriétés. 
 
La démarche sol-gel de ce travail a été adaptée pour produire, avec succès, des lasers à fibres 
optiques dopé au ytterbium par la méthode sol-gel. Ce procédé chimique comporte de l’eau et 
de l’alcool, dont les groupes hydroxyles atténuent fortement la lumière. La méthode de dépo-
sition du cœur de la fibre a été étendue par un traitement complémentaire thermique à 1800°C. 
Cette vitrification intermédiaire, entre la déposition de couches successives, a été appliquée 
pour minimiser la concentration du groupe hydroxyle dans le cœur et pour homogénéiser les 
couches déposées avant de collapser le tube dans une préforme et ensuite de tirer des fibres. 
Dans le cas d’une fibre mono-mode, le cœur a été assemblé avec trois couches épaisse de 2.7 
µm chacune. Pour les fibres multi-mode, six couches ont été déposées. Après les avoir collap-
sées, les préformes ont été tirées en fibres.  
 
Les fibres sol-gel obtenues ont été étudiées par rapport à leurs propriétés structurelles et opti-
ques. Les fibres présentent un cœur avec une section de forme radiale. Cette structure est 
connue de certaines fibres produites par déposition chimique de vapeurs modifiées (MCVD). 
La distribution des tensions mécaniques dans les fibres sol-gel étudiées sont dans le même or-
dre de grandeurs que les fibres MCVD. Les fibres présentent des pertes de 31 dB/km à 1100 
nm. 
 
L’activité laser a été démontrée avec un seuil compris entre 32 mW et 90 mW, et une efficaci-
té d’émission laser allant jusqu’à 73%. La puissance de sortie maximale de 44 mW a été limi-
tée par la pompe. 
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Abstract 
 
The sol-gel technology offers highly interesting prospects for fiber fabrication. The main ad-
vantage is the possibility to incorporate any dopants and co-dopants soluble in a suitable sol-
vent. Generally, these dopants are homogeneously dissolved in the matrix.  
 
The objective of this work is to produce fiber cores with the sol-gel technique, to fabricate yt-
terbium doped sol-gel fiber lasers, and to investigate their properties. 
 
The sol-gel route was adapted to successfully build ytterbium doped sol-gel fiber lasers. This 
wet chemistry process involves water and alcohol, but the hydroxyl groups of these liquids 
highly attenuate guided light. The fiber core deposition was therefore extended with thermal 
annealing at 1800 °C for vitrification and to minimize the hydroxyl group content in the fiber 
core. In case of a mono-mode fiber laser the core was built with three 2.7 µm layers. These 
layers were deposited with this intermediate vitrification applied between subsequent layers. 
In the case of multi-mode fibers six layers were applied similarly. After collapsing, the pre-
forms were drawn to fibers. 
 
The produced fibers were investigated in view of structural and optical properties. The sol-gel 
fibers show cores with a radial structure in their cross sections. This structure is also known 
from the modified chemical vapor deposition (MCVD) technique. The stress distribution 
within sol-gel fibers is in the same range as in MCVD fibers. The fibers show losses of 
31 dB/km at 1100 nm. 
 
Laser action has been demonstrated. With thresholds between 32 mW and 90 mW a slope ef-
ficiency of up to 73 % has been reached. The maximum output of 44 mW was limited by the 
available pump power. 
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1 Introduction 
 
Since the realization of the first rare-earth doped low-loss single-mode optical fiber in 1986 
[1], the modified chemical vapor deposition (MCVD) is the standard production method for 
industrial applications because of the excellent degree of purity achievable. The substrate for 
MCVD deposition is generally a rotating silica tube. A combination of GeCl4, SiCl4, phospho-
rous, fluorine, O2 and He gases is injected into the tube. An electrical furnace or an oxy-
hydrogen or plasma torch travels along the tube and heats the gases up to about 2000°C. The 
gases react with each other and a porous soot layer of SiO2 is formed inside the tube. For pas-
sive fibers, the soot is directly vitrified into a layer of glass by the traveling furnace. For active 
fibers, before vitrification the soot is soaked with additional dopants. Then, the tube is col-
lapsed and drawn to fibers. [2-4] 
 
The present work describes the production and characteristics of an ytterbium doped alumi-
num co-doped sol-gel silica glass fiber laser, fabricated via the sol-gel route. The sol-gel tech-
nique offers highly interesting prospects for fiber fabrication. Any co-/dopants soluble in a 
suitable solvent can be homogeneously incorporated in the core matrix. This gives the oppor-
tunity to develop optically active fiber cores in a wide range of dopants, concentrations and 
geometry in a rather elegant way. The sol-gel technique is a wet chemistry process avoiding 
the use of highly hazardous gases as required in MCVD technique. It is further very cost effec-
tive. 
As a wet chemistry process sol-gel technique leads to a high concentration of hydroxyl (OH) 
groups. They originate from the solvents and from the sol-gel reaction steps. Guided light is 
highly attenuated by OH stretching vibrations. Another drawback is the minor purity of the 
sol-gel precursors, with respect to the MCVD gases. 
 
Sol-gel produced neodymium doped fiber lasers have already been published [5,6]. As yet, 
however, no ytterbium doped sol-gel fibers are reported. Ytterbium shows a simple energy 
scheme, which prevents excited state absorption and cross relaxation. A high concentration of 
ytterbium therefore does not lead to quenching. It was shown that Yb can be doped up to 10 
at.-% in garnet [7] without any quenching effects. Reabsorption due to the overlap between 
absorption and emission spectra leads to tunability of the laser emission. The laser wavelength 
depends on the fiber length, as shown for the range between 970 nm and 1200 nm [8,9]. Yt-
terbium can also serve as a sensitizer for erbium. 
 
We adapted the sol-gel technique to build fiber cores by depositing few 2.7 µm thick layers 
onto the inner wall of silica tubes. The minor purity of the chemicals, compared to those of the 
MCVD technique, was irrelevant for the purposes of this work. The attenuation by hydroxyl 
groups is negligible in the 1 µm range. Nevertheless, for future applications at longer wave-
lengths it was also an objective of this work to minimize the hydroxyl content in the fibers. 
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Reduced losses are achieved with an intermediate vitrification at 1800 °C between the deposi-
tions of subsequent layers. The produced ytterbium doped aluminum co-doped mono-mode as 
well as a multi-mode fiber lasers are described as follows. 
 
Silica Fibers (chapter 2). This chapter describes the properties of dopants and co-dopants for 
active fiber cores, the principles of cylindrical waveguides and the mechanisms of light at-
tenuation.  
 
Sol-Gel Technology (chapter 3). The physics and chemistry of sol-gel technology is intro-
duced and the procedure applied in this work is presented. 
 
Preform and Fiber Processing (chapter 4). The intermediate vitrification to minimize the 
hydroxyl group content and to homogenize the sol-gel layers is described. The tube collaps-
ing, the fiber preform properties and the fiber drawing are illustrated. 
 
Fiber Properties (chapter 5). Results of the fiber characterization such as absorption spec-
troscopy, scattering losses, core microstructure and induced stress are reported.  
 
Laser (chapter 6). Even with the first attempt laser action was achieved in these sol-gel fi-
bers. The performances of the different ytterbium doped aluminum co-doped sol-gel silica 
glass fiber lasers are presented. 
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2 Silica Fibers 
 
The silica fiber cores in this work are doped with Yb3+ and co-doped with Al3+ (section 2.1). 
These optically active cores provide guiding of light (section 2.2). Attenuation of the guided 
radiation is treated in section 2.3. 
 
 
 
2.1 Dopant and Co-Dopant 
 
The used concentration of the optically active dopant does not sufficiently rise the refractive 
index of the core to enable guiding of light. A co-dopant has to be added. The used co-dopant 
is alumina.  
 
The refractive index is influenced by the amount of dopants and co-dopants, by wavelength, 
temperature, thermal history and fiber tension. The effects of the dopants and co-dopants are 
described below and the influence of stress is described in chapter 5, Fiber Properties. Other 
mechanisms are neglected for the data in this work. They may be very important for telecom-
munication fibers but are secondary for short laser fibers. For general information about the 
dependence of the index of refraction on wavelength and temperature refer to Appendix A.   
 
 
 
Dopant 
 
Amongst trivalent rare earth (RE) ions, the smallest ion Ce3+ owns a single 4f electron, 
whereas the biggest ion Yb3+ owns thirteen. The 4f electrons are shielded outwards by a noble 
gas configuration shell. For the rare earths Pr3+, Nd3+, Sm2+, Eu3+, Tb3+, Dy2+, Dy3+, Ho3+, 
Er3+, Tm3+, Tm2+, and Yb3+ laser action of the 4f shell was demonstrated. Cerium does not 
show lasing transition in the 4f shell; the small single energy gap is easily quenched by multi-
phonon processes. On the abscissa in Fig. 2.1 are the RE denoted with ascending atomic num-
ber, the ordinate shows the position of the different energy levels in wave numbers (cm-1). The 
wave numbers in reciprocal or inverse centimeters are defined as follows, 
 
1
~
−= λν , (2.1) 
 
where the wavelength in vacuum λ is commonly quantified in centimeters (cm). 
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Figure 2.1 Energy levels of the RE ions. [10] 
 
 
 
Cerium shows only tunable ultraviolet (UV) laser activity of the 5d → 4f transition [11,12]. 
The rare earth ion Yb3+ used in the present work is the optically active ion. In contrast to the 
3d shell electrons the 4f shell electrons of the Yb3+ ion are shielded by the 8 electrons of the 5s 
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and 5p shells. The states of these electrons only weakly interact with the ligands. The Stark 
level splitting amounts to only few 100 cm-1. The states are very narrow-band and therefore 
promise laser transitions with high gain. 
 
Some RE doped crystals or glasses are very well suited to absorb the diode wavelengths men-
tioned above, such as Nd3+, Tm3+ and Yb3+. Ytterbium ions absorb efficiently over the wave-
length range of 800 nm to 1100 nm. When used as sensitizer for erbium, the excited ytterbium 
ions transfer their energy to the erbium ions, and gain between 1.53 µm and 1.56 µm is ob-
tained. The peculiarities of the Yb3+ energy scheme are discussed in chapter 6, Laser. 
[9,10,13,14] 
 
Attempts have been made to achieve laser action also with transition metals. Transition metals 
have a stronger interaction with the surrounding media, which can lead to the loss of laser ac-
tion. Therefore transition metals are incorporated preferably in crystal hosts at well defined 
sites with constant site symmetry. The ideal type of host for 3d ions therefore is a crystal. 
 
Fiber devices doped with embedded nanoparticles or quantum dots will open a new field of 
possibilities for active laser systems. Neodymium doped garnet was milled in the frame of this 
work to obtain sub-micron and nanoparticles. The dependence of the fluorescence lifetime on 
particle size was investigated, and the influence of the index of refraction of the surrounding 
medium on the lifetime was examined. The experiments are reported in Appendix B. 
 
 
 
Co-Dopant 
 
Figure 2.2 shows the influence of different co-dopants used frequently in silica fiber technol-
ogy. The abscissa is the co-dopant concentration (mol-%), the ordinate shows nD, the index of 
refraction measured at the wavelength of the sodium D-line, 589 nm [15]. 
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Figure 2.2 Influence of the concentration of several co-dopants on the refractive index [16]. 
 
 
 
The most effective riser of the index of refraction is titania, followed by alumina, and the 
germanium and phosphorus oxides, whereas with boron and fluorine the refractive index can 
be depressed. The refractive index nD of alumina is 1.761 [17], of titania 2.5 and of silica 
1.458 [18]. The material dispersion, the wavelength-dependent response of a substrate to 
waves, falls to zero at 1.3 µm in silica single-mode telecom fibers [15]. 
 
Titania in silica shows deteriorating effects on waveguide properties, as known in literature 
[17]. Only 4 % of titania is enough to achieve a sufficient increase of the index of 0.01. But 
preliminary research on planar sol-gel silica glass waveguides showed that already this small 
amount lead to cracked, powdery and off-peeling coatings.  
Therefore alumina was chosen as co-dopant, having additionally an important advantage: yt-
terbium can be doped up to 10 at.-% in yttrium aluminum garnet (YAG) without any quench-
ing effects [7], but RE ions are badly soluble in silica glass. With alumina RE ions are dis-
solved in Al-shells. This dissolution makes it possible to incorporate RE ions in silica. The 
sols for the fiber lasers were co-doped with 10 at.-% alumina as solubilizer for 1 at.-% Yb-
ions [9]. The RE ions to alumina ratio 1:10 showed the best influences on spectroscopic prop-
erties of neodymium in glass [19]. Co-doping with alumina leads to two different local bond-
ing configurations in the SiO2 network. The tetrahedral bonding configuration of AlO4/2 acts 
as a network former, and the octahedral coordination of oxygen atoms acts as a network modi-
fier such as AlO6/2 [9,20]. Two different types of local electric fields, two different quasi-
lattice conditions surround the dopant Yb3+. When doping ytterbium in crystalline alumina, it 
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was shown [21] that only a small amount of ytterbium ions enter the lattice as a substitute. 
Concentrations higher than 0.05 % of ytterbium develop YbAlO3 and Yb3Al5O12 phases 
within corundum. It was shown by Patra et al. [22], that the absorption intensities of Nd, Pr 
and Sm in sol-gel glasses raise with the addition of aluminum, between 2.29 % and 4.86 % for 
samarium, within 11.28 % and 41.50 % for praseodymium, and between 17.43 % and 69.56 % 
for neodymium, depending on the wavelength. This can be explained by lowering the symme-
try of the ion in neighboring position to the Al ions, allowing an intermixing of the f states of 
the RE ion with higher state configuration such as 5d. This makes to some extend forbidden 
transitions more probable [22]. 
 
In the next section, the guiding of light in a core with a higher index of refraction than the 
cladding is discussed. 
 
 
 
2.2 Weakly Guiding Fibers 
 
The guiding of light in a cylindrical dielectric waveguide is based on total reflection of the 
light in the core at the core/cladding interface. The core has a higher index of refraction than 
the cladding. Total reflection occurs only if the angle of incidence between beam and the sur-
face normal θi is larger than the critical angle of total reflection, θc, 
 






=≥
1
2arcsin
n
n
ci θθ , (2.2) 
 
with the index of refraction n1 of the core and n2 of the cladding, Figure 2.3. 
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n0 θc
θNA
n2
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Figure 2.3  Total internal reflection and ray geometry for numerical aperture derivation. 
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The different propagating modes see different effective indices. The effective index describes 
the spatial dispersion. This phenomenon was neglected in this work. It is apparent that for to-
tal reflection to occur, n2 must be less than n1. For angles greater than θc, the sine of the exit 
angle sinθe would be greater than 1 according to Snell’s law, 
 






−= ie
n
n
θθ 2
2
2
2
1 sin1cos . (2.3) 
 
Therefore the light is totally reflected. Total reflection occurs when (2.2) can not be solved for 
real angles anymore. The angles in this case become complex. [23,24] 
 
The fibers in this work are single-step index fibers. The single-step index fibers consist of two 
concentric homogeneous dielectrics. The inner dielectric, or core, fills the region r < a and is 
of refractive index n1. The outer material (r > a), the cladding, is of index n2, where n2 < n1. 
Together with the core diameter a, they define the numerical aperture NA (or N.A.), which is 
the sine of the maximum angle of an incident light ray that becomes totally confined within 
the fiber. For all front surface angles less than θNA, the upper interface angle is greater than θc, 
and so θNA is the maximum acceptance angle of the fiber core [24,25]. 
 
Using Snell’s law at the front surface along with sin θc = n2/ n1, it is found with n0 the index of 
the ambient atmosphere, 
 
2
2
2
10 sin.. nnnAN NA −=≡ θ . (2.4) 
 
 
In this work single-mode as well as multi-mode fibers were produced and investigated. They 
form two classifications of practical concern. Standards on dimensions for telecommunication 
fibers have been set by various committees. Among these are the Electronic Industries Asso-
ciation (EIA), the International Electrotechnical Commission (IEC), International Telecom-
munication Union (ITU) and the Comité Consultatif International Télégraphique et Télé-
phonique (CCITT). All have specified a cladding diameter of 125 µm as the production stan-
dard for most single- and multi-mode fibers. Core diameters are usually 50 µm or 62.5 µm for 
multi-mode fiber and between 8 µm and 10 µm for single-mode fibers. Values for the normal-
ized index difference ∆, 
 
2
1
2
2
2
1
2n
nn −
=∆ , (2.5) 
 
are usually expressed in percent and are approx. 0.2 % for single-mode and approx. 1 % for 
multi-mode fibers. This and the expression for the numerical aperture in Eq. (2.4) are derived 
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for multi-mode fibers if the diameter is distinctly larger than wavelength of the guided light. 
Especially in case of mono-mode fibers with dimensions in the range of the wavelength, this 
simple geometrical model is not valuable anymore, and has to be replaced with a more com-
plex description based on Maxwell’s equations. This derivation as well as the one of photonic 
crystal fibers (PCF) are outside the scope of this work and can be found in textbooks [26-28]. 
PCF often are also referred as micro-structured fibers [24,29]. They are the more recent class 
of optical fiber waveguides, incorporating periodic structural features that determine the guid-
ing properties. The first photonic crystal fibers drawn in Bern are presented in Appendix C. 
The word microstructure was applied in this work also in context of cross section investiga-
tions of drawn sol-gel fibers.  
 
Most fibers used at the time for telecom applications are operated under weakly guiding con-
ditions with the index of the core being only slightly higher than the index of the cladding 
[24]. The term weakly guiding was introduced by Gloge [30]. Equation (2.5) in this case is re-
placed by the weakly guiding approximation,  
 
1
21
n
nn −
≈∆ . (2.6) 
 
An important parameter for single-mode fibers, weakly guiding or not, is the cut off fre-
quency. The normalized frequency is defined by 
 
2 2
1 2V ka n n kaNA= − =  (2.7) 
 
with a the core diameter and k the wave number (=2π/λ). For normalized frequencies below a 
critical value, the cut-off frequency V0, all higher order modes are cut off and only the funda-
mental mode can propagate. The cut-off frequencies for different modes are calculated from 
the roots of Bessel functions, as described in detail in the literature [27,30-32]. The lowest 
cut-off frequency is given by V0 = 2.405.  
 
In single-mode fiber production, the cut-off wavelength λc is usually specified. According to 
(2.7), λc is given by λc =2πaNA/V0. The single bend attenuation method has become a standard 
technique for measuring λc. If a fiber with 140 mm bent radius carries two (or more) modes, 
the loss shows a sharp decrease if the wavelength is tuned up as soon as the higher modes do 
not propagate anymore at wavelength higher than λc. The cutoff wavelength is defined as the 
value of λ at which the loss has decreased to 0.1 dB above zero level in a 2 m long fiber. The 
attenuation mechanisms of fibers and especially of the sol-gel built silica glass fibers pre-
sented in this work are discussed in more detail in the next section. 
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2.3 Attenuation of Light 
 
The mechanisms attenuating the guided light are categorized in intrinsic or extrinsic losses. 
The attenuation consists of radiation absorbing mechanism and scattering effects. Attenuation 
losses originate from the optically active ions in the matrix. Scattering losses originate from 
the whole matrix. 
 
 
 
Intrinsic Losses 
 
Intrinsic losses arise from the fundamental material properties of the glasses used in fiber fab-
rication. They can be reduced by appropriate choice of wavelength and through various design 
compromises that involve different material compositions. Figure 2.4 shows the intrisic losses 
of silica glass. The abscissa denotes the photon wavelength (µm), the photon energy (eV), and 
the wave number (cm-1, Eq. 2.1), respectively. In spectroscopy the photons usually are de-
scribed with wave numbers, whereas in laser physics the wavelength is more common. The 
ordinate in Fig. 2.4 denotes the losses (dB/km). 
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Figure 2.4  Absorption spectra of silica glass from the ultraviolet (UV) range to the infrared (IR) 
range. Dottet curves: model absorption spectra calculated to reproduce the measured 
refractive index curve; solid curves: measured spectra; broken line: Rayleigh scattering 
and loss spectrum of a low loss pure silica core single-mode fiber. [33] 
 
 
 
The intrinsic losses in the ultraviolet range, up to 0.4 µm, and the infrared absorption above 2 
µm are laying outside the wavelengths important for the fibers in this work. The important in-
trinsic mechanism in this case is Rayleigh scattering. Lord Rayleigh calculated the scattered 
intensity I from dipole scatterers smaller than the wavelength, to be a function of the initial in-
tesity I0, the number of scatterers N, the distance x from the scatterer, the polarizability α, the 
wavelength λ, and the observation angle θ, 
 
)cos1(
8 2
24
24
0 θλ
απ
+=
x
N
II . (2.8) 
 
Classically it is described by the excitation of atomic dipoles, as dipolar scattering.  
 
The experimental determination of the scattering losses at non-absorbing wavelength relies on 
Beer-Lambert’s law, 
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leII ε−= 0 , (2.9) 
 
where l is the beam’s path length, ε the scattering coefficient per length, I the measured and I0 
the launched intensity [34]. The losses at the given waveguide length (dB/km) are calculated 
with 
 
I
I
dBlossl
0
10log10)( = . (2.10) 
 
The scattering losses of a given wavelength can be converted to another wavelength by re-
scaling, 
 
4
2
4
1
12 λ
λ
αα ss = . (2.11) 
 
One important intrinsic loss is the possible presence of micro-crystallites in the sol-gel depos-
ited fiber core. 
 
 
 
Extrinsic Losses 
 
Extrinsic losses arise from imperfections in the fabrication process. They can be reduced to 
insignificant levels with appropriate refinements, e.g. by avoiding impurities such as transition 
metals [24,35-37]. The extrinsic losses in this work are led by hydroxyl groups. OH groups in 
silica glass induce fundamental absorption at 2.7 µm. The OH groups exist in silica as isolated 
(free) and hydrogen bonded states. The isolated OH induces a sharp peak at 3672 cm-1 (2.723 
µm) and the hydrogen bonded OH induces a broad peak at 3608 cm-1 (2.772 µm). Absorption 
due to H2O molecules also appears at 1611 cm
-1 (6.207 µm), table 2. [33] 
 
 
 
Table 2 Peak positions and intensities of OH absorption bands in silica glass. [38] 
Wavelength  
(µm) 
Intensity  
(dB/(km ppm)) 
2.72 10’000 
2.21 201 
1.38 62.7 
1.25 2.7 
1.14 0.07 
0.94 1.6 
0.88 0.08 
0.72 0.08 
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The typical OH induced losses in the fibers appears at 1.38 µm, 1.25 µm and 0.94 µm. The 
1.38 µm loss is the most intense. OH groups in MCV-deposited fiber cores are removed by 
dehydration in a Cl2 atmosphere. [38-40] 
 
It lies in the nature of the sol-gel fabrication, which in fact is a wet chemistry process, to in-
corporate large quantities of OH groups, by using water (H2O) as reagent, alcohol as solvent 
and as by-products during condensation. So the OH groups are undesirable accompaniments 
of this process, their attenuation of the guided light are referred to be extrinsic losses too, al-
though they are an inherent part of the sol-gel deposited glassy matrix. 
 
In this work the investigated fibers were all uncoated. This involves handling with extreme 
care to avoid particular deteriorations while producing and handling. Figure 2.5 visualizes in-
trinsic and extrinsic loss origins together with the special defects caused by mishandling un-
coated fibers such as dents and micro-bending. 
 
 
 
Figure 2.5 Particular deteriorations to avoid while producing and handling especially fibers. [41] 
 
 
 
Figure 2.6 shows the different devolutions of micro- and macro-bending on the attenuation. 
The abscissa shows the wavelength (nm), the ordinate the attenuation (dB/km). 
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Figure 2.6 Phenomenological illustration of the effects of macro- and micro-bending on the at-
tenuation. The water peak is located at 1385 nm. [42] 
 
 
 
Macro- and micro-bending losses manifest themselves as rapid increases in attenuation be-
yond a critical wavelength. Both are associated with changes in optical mode confinement due 
to stress-induced changes in the refractive index profile (RIP) as a result of bending. Macro-
bending is easily envisioned, while micro-bending is characterized by small amplitude varia-
tions of the order of a nanometer with a periodicity of the order of a millimeter. Micro-
bending can result from the expansion mismatches between cable components [18]. Macro-
bent is called a fiber when having a bend radius given by the following inequation, 
 
21
21
nn
nn
d
r
−
+
> , (2.12) 
 
with diameter d and the refractive index n1 of the core and the refractive index n2 of the clad-
ding [24]. Loss measurements are usually performed with a bend diameter of 280 mm, accord-
ing to IEC and ITU [43]. 
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3 Sol-Gel Technology 
 
For beginning, a short excursion in history, back to the real first optical application of the sol-
gel technique, shows another fascinating and beautiful facet of this technique. 
 
 
 
3.1 Overview 
 
The term sol-gel is a compound of the abbreviation sol for solution and the word gel, describ-
ing a dense network of fine particles dispersed in a solvent. The earliest application of sol-gel 
technology was during the Old Stone Age (the Upper Paleolithic), 17’000 years ago in Las-
caux (France). These cave paintings of the first modern humans, the Cro-Magnon hunters, 
show realistic images of large animals and human handprints, Fig. 3.1. Another example, the 
ceiling of the painted gallery in the cave is shown in Fig. 1 on page 3 [44]. 
 
 
 
 
Figure 3.1 “Troisième taureau”, cave painting in Lascaux (France). [45] 
 
 
 
The early humans mixed, grinded and heat treated various stones, ores, limestones and cal-
ciumcarbonates. Beneath aluminum silicates contained in the feldspars, the incorporated com-
pounds were e.g. turgit, a brown iron oxide, glauconite, a potassium containing aluminum 
silicate with yellow color, and laterite, iron and aluminum hydroxide containing rocks with in-
tensive red color, just to mention a few. The Magdalénien-humans collected at places up to 40 
km away from the cave. The early humans are called Cro-Magnons because the first skeletons 
were found in March 1868 in the Cro-Magnon rock shelter at Les Eyzies, and Magdaléniens 
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referring to one of the later culture of the upper Palaeolithic located at the type site La Made-
laine, both places located in the Dordogne, France.  
The special treatment of the minerals led to small particles with diameters of 100 nm and 
more and with pores with 6 nm diameter and more. Subsequently, the early humans stabilized 
hydrophobilcally the powders in water with talcum or with fats (from blood). The applied 
paintings show up to 750 µm layer thickness. [14,46-48]  
This procedure can be summarized as the main process steps of the sol-gel technique: to stabi-
lize a sol, a solution of colloidal particles, with repulsive layers and attractive London force, 
and to build subsequently the color painting, a gel, dense network of fine particles in a solvent 
by Brownian coagulation and London force.  
 
Modern products of the sol-gel technique are ceramics and glasses in form of ultra-fine pow-
ders, monosized powders, particles, monolithic solids, aerogels, coatings and membranes. 
Technical applications are planar devices such as sensors for heat and pressure, structured ma-
terials, e.g. photonic crystals, chemical sensors and biomedical applications as entrapment of 
molecules for biosensors. In addition, complex geometry such as multi-core fibers or micro-
structured fibers with gradients in the dopant concentration or even mixed or multiple doping 
conditions can easily be produced. Sol-gel technique offers the flexibility of dopant content, 
any H2O or ethanol soluble dopant can be incorporated, homogeneity of the dissolved parts, 
and adjustable processing temperatures (200 °C – 2000 °C). The sol-gel route is generally 
very cost-effective. 
Up to now, high quality sol-gel layers have been used to fabricate Nd3+-doped Al2O3-SiO2 
lasing fiber cores [5,6], and co-doping by MCVD of thick xerogels, deposited by sol-gel to 
build fiber preforms [49,50], as well as molding sol-gel derived rods and tubes for drawing 
[51-53] were presented. Matejec et al. [50] describes a high temperature treatment at 1600 °C, 
to anneal thick sol-gel layers that are additionally MCVD co-doped.  
 
 
 
3.2 Chemistry 
 
In today’s sol-gel technique, the colloidal particles usually are produced via the chemical 
route. The two involved reactions are the hydrolysis and condensation, as presented in the fol-
lowing.  
 
The sol-gel processing involves the synthesis of an inorganic network by a chemical reaction 
in solution not far above room temperature, e.g. at 40°C – 50°C. Basically, a solution is pre-
pared that is led to react in a process called gelation. The reactions leading to gelation are hy-
drolysis and condensation of metal organic compounds in a solution. In this work, the forma-
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tion of a silica sol-gel from the alkoxide tetraethyl-orthosilicate (TEOS) in ethanol (EtOH, 
C2H5OH) and H2O was performed. The two reaction steps are the hydrolysis, 
 
Si(OC2H5)4 + H2O → Si(OC2H5)4-x(OH)x + x⋅C2H5OH, (3.1) 
 
with subsequent and parallel polymerization to build siloxane bonds (...-Si-O-Si-...) through 
condensation reactions 
 
Si(OC2H5)4-x(OH)x + Si(OC2H5)4   
 →  (HO)x-1(OC2H5)4-xSi-O-Si(OC2H5)3 + C2H5OH, 
(3.2) 
 
leading to a polymeric solution with increased viscosity. The condensation can also occur be-
tween partly or fully hydrolyzed precursor molecules, leading to the condensation also of wa-
ter. 
 
The hydrolysis can be accelerated by adding a catalyst to the solution, typically - and also used 
in this work - is hydrochloric acid (HCl). This transformation leads to a colloidal solution, a 
sol. Colloids are a stable intermediate state between solution and suspension. Sols with parti-
cles up to 500 nm are generally long time stable. 
 
The sols in this work were used within several days after production and were shaken before 
application. The two reactions are presented more detailed in the following, and the most im-
portant stages are summarized at the end. 
 
 
 
Hydrolysis 
 
The polymerization process is commonly divided into three domains of the negative base-10 
logarithm of the hydrogen ions concentration (pH): pH < 2, pH from 2 to 7, and pH > 7. Re-
gardless of pH, hydrolysis occurs by the nucleophilic attack of the oxygen contained in H2O 
on the silicon atom as evidenced by the reaction of isotopically (18O) labeled H2O with TEOS 
that produces only unlabelled alcohol in both acid- and base-catalyzed systems [17,54] 
 
. 
(3.3) 
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It can be seen in figure 3.2 how the pH affects the hydrolysis rate. The abscissa denotes the 
value of pH, the ordinate denotes the logarithm of the rate constant kspont, -1 and +1 denote the 
slope of the graph.  
 
 
 
 
Figure 3.2 pH rate profile for hydrolysis in aqueous solution. [55] 
 
 
 
Strong acidic and strong alkaline conditions enhance the rate constant. Although hydrolysis 
can occur without addition of an external catalyst, it is most rapid and complete when they are 
employed. Mineral acids, mostly HCl, and ammonia are most generally used, however, other 
catalysts are acetic acid, potassium hydroxide, amines, potassium fluoride, and hydrofluoric 
acid (HF) [17]. Under acidic conditions, it is likely that an alkoxide group is protonated in a 
rapid first step. Electron density is withdrawn from the silicon atom, making it more electro-
philic.  
Figure 3.3 shows the gel times as function of the ratios H2O:EtOH:TEOS. The abscissa de-
notes the water:TEOS ratio, the ordinate denotes the time to gel (h). 
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Figure 3.3 Gel times as a function of H2O:TEOS:EtOH ratio. [17] 
 
 
 
Low ethanol and moderate water content enhance the sol stability.  
 
Once the hydrolysis started, the condensation reaction can begin too, and the two reactions 
proceed parallel. 
 
 
 
Condensation 
 
Between pH 2 and pH 6 condensation rates are proportional to [OH-] concentrations. Acid-
catalyzed condensation mechanism involves a protonated silanol species. Protonation of the 
silanol makes the silicon more electrophilic and thus susceptible to nucleophilic attack. The 
most basic silanol species (silanols contained in monomers or weakly branched oligomers) are 
the most likely to be protonated. The sol-gel transition incorporates the growth of clusters by 
polymerization and aggregation due to Brownian coagulation and attractive London force. 
Growth stops when the particles reach 2 - 4 nm in diameter [56]. Links between clusters are 
formed until one single macrocluster is formed over the whole sol. All sols in this work were 
produced in the acid catalyzed regime. Dissolution rate and relative gel time as a function of 
pH are shown in Fig. 3.4. The abscissa denotes the pH, the ordinate shows the logarithm of 
the rate of dissolution and the relative gel time respectively. 
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Figure 3.4 Dissolution rate and relative gel time as a function of pH. [17] 
 
 
 
Summary 
 
According to [57], sol-gel polymerization occurs in three stages: 
 
1.  Polymerization of monomers to form particles. 
 
2.  Growth of particles. 
 
3.  Linking of particles into chains, then networks that extend throughout the liquid me-
dium, thickening into a gel. 
 
In general sol-gel derived silicon oxide networks under acid-catalyzed conditions yield pri-
marily linear or randomly branched polymers which entangle and form additional branches re-
sulting in gelation. Silicon oxide networks derived under base-catalyzed conditions yield more 
highly branched clusters which do not interpenetrate prior to gelation and thus behave as dis-
crete clusters, Fig. 3.5. 
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Figure 3.5 Summary of acid/base sol-gel conditions. [54] 
 
 
The used chemicals and the general and particular formulations for the sols in this work are 
described in Appendix D. 
 
 
 
3.3 Coating 
 
To cover surfaces, the sol is applied via spin coating, capillary coating, roll coating, printing 
technique or dip coating. The method applied in this work was dip coating in the broadest 
sense or inverse dip coating, since the tubes were not dipped into the sols, but the sols were 
elevated in the tubes by evacuation. Figure 3.6 shows the dip coating technique, Fig. 3.7 its 
physics and chemistry. 
 
 
 
 
Figure 3.6 Dip coating. [17] 
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Figure 3.7 Physical and chemical processes during dipping. [17] 
 
 
 
The same mechanisms as described in figures 3.6 and 3.7 build a xerogel layer when elevating 
a sol into a tube. In the tube, however, the evaporation is not uniform. The solvent builds a 
saturated atmosphere within the tube that gravitates and exits the tube at the lower end. Ambi-
ent air flows into the tube from the upper end. The evaporation rate therefore depends on the 
position in the tube. Nevertheless in our experiments no significant variation of layer thick-
ness was observed. The coating thickness d can be calculated by the Landau-Levich equation, 
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94.0
g
v
d
LV ργ
η
= . (3.4) 
 
with the liquid-vapor surface tension γLV, the density ρ, the viscosity η and earth’ gravity g. 
This equation is valid only for planar waveguides, but not for tube inner wall coatings. The 
coating thicknesses were measured in this work with mechanical profilometry on planar lay-
ers, and with optical profilometry applied to preforms. 
 
The dependence of the gel microstructure on the sol formulation is summarized in table 3. 
[14,17,54,58-61] 
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Table 3 Effect of sol formulation on gel microstructure. 
TEOS 
(moles) 
EtOH 
(moles) 
H2O 
(moles) 
Average Pore Radius 
(nm) 
Surface area 
(m2/g) 
Total Pore Volume  
(cm3/g) 
1.0 4.0 4.0 8-10 550 3.50 
1.0 3.0 6 6 650 2.61 
1.0 2.0 5 3 750 2.00 
 
 
 
Xerogel layers usually are thermally annealed after depositing. The term annealing is used for 
post-processing methods that improve certain film or surface properties. For example, a sur-
face can be thermally heated (annealed) to remove internal stresses or to complete oxidation. 
Thermal post-treatment densifies the xerogel, burns out organic by-products and reduces the 
OH group content. Annealing also completes the reaction of non-reacted TEOS in the film. 
 
Before coating, the silica glass tubes consisting of Herasil-3, Heralux-WG or HSQ 300 (Her-
aeus Quarzglas GmbH & Co. KG, Kleinostheim Germany) were cleaned with diluted HF. The 
resulting silica removal is far below 5 µm since the concentration of the applied HF is only a 
few percents (25 wt.-% HF ablates approx. 5 µm during 5 minutes exposure time [62]). After 
drying the tube was mounted in vertically position. The tube was mounted on a stage, so that 
the lower opening plunged in the sol vessel. The preform was filled with the sol by reducing 
the pressure with a hand pump. The tube was then emptied by lowering the liquid level with a 
speed of 200 cm/min and subsequently flushed for 20 minutes with gaseous nitrogen for dry-
ing. Before coating with the next layer, the newly deposited layer was vitrified as described in 
the next chapter. 
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4 Preform and Fiber Processing 
 
Three preform cores were produced with thick layers. The Yb20Ti6.4(SiO2)73.6 preform (code
1 
f-9) was produced without the intermediate vitrification. Its six thick layers were vitrified dur-
ing collapsing and drawing only. The fibers thereof show high scattering losses, did not lase 
(non-lasing fibers/non-lasing preform). The Yb1Al10(SiO2)89 mono-mode preform (IAP code 
f-20) and the Yb1Al10(SiO2)89 multi-mode preform (IAP code f-21) were both produced with 
intermediate vitrification. 
 
 
 
4.1 Intermediate Vitrification 
 
The term vitrification was used by Brinker and Scherrer [17] in the context of freezing pore 
liquid for avoiding fracture. In this work vitrification is used as thermal post-processing or 
thermal annealing like “Vitrify: To convert into, or cause to resemble, glass or glassy sub-
stance, by heat and fusion” [63]. The desired mechanisms ameliorating the sol-gel layer prop-
erties are densification of the xerogel, out-burning of organic by-products, homogenization of 
the structure due to partial melting, sintering, and viscous flow, and reduction of the OH 
group content.  
 
The undesired accompaniment when thermal annealing metal oxides such as silica SiO2, tita-
nia TiO2 and alumina Al2O3 or binary or ternary phase diagrams out of these, is the possible 
re-crystallization at low cooling rates. Un-doped sol-gel silica layers showed crystallization 
into cristobalit at cooling rates lower than 5 °C / min as found during preliminary research. 
Cristobalit is the high temperature modification of silica, appearing as midget crystals, fine-
fibered aggregates and scabs [14]. Cristobalit was found as well to crystallize out of commer-
cial fused quartz at cooling rates of 5 °C/min during preliminary research. 
 
The idea of high temperature intermediate vitrification between the depositions of subsequent 
thick xerogel layers was derived from the general procedure during MCVD deposition 
[2,50,64], where each of the up to 70 MCV deposited layer [24] experiences automatically a 
vitrification by the very high temperatures. An overview over the origin and subsequent de-
velopment of the MCVD technique is given by MacChesney [3]. The procedure in this work 
resembles also a procedure reported by Matejec and coworkers [50]. They applied thick coat-
ings together with a thermal annealing at 1600 °C, while the coatings were additionally co-
doped by MCV-deposited P2O5.  
                                                           
1 Code used in the Laser Division of the Institute of Applied Physics (IAP), University of Bern, Switzerland. 
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In this work each deposited sol-gel layer was vitrified on a motorized lathe (Fig. 4.1) by an 
electric furnace moving twice along the tube with a speed of (5 ± 1) cm/min and a temperature 
of the oven (1800 ± 100) °C as measured with a pyrometer. During this step, the tube was 
prevented from collapsing by an inner helium/oxygen gas flow with 1 kPa excess pressure.  
 
 
 
 
Figure 4.1  Motorized lathe. 
 
 
 
 
Let c be the hydroxyl concentration in the layers during vitrification. The change of the OH 
content at a certain position in the layer is expressed with Fick’s law in the one-dimensional, 
cylindrical form, 
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with t the time, r the path length along the radius, and the diffusion coefficient D. D depends 
on temperature via the Arrhenius equation 
 
RT
E
eDD
−
= 0 , 
(4.2) 
 
with the pre-exponential term D0 (m
2/s) and the activation energy E (J/mol). The diffusion co-
efficient changes during vitrification mainly with the temperature. But also the number of in-
terfaces influences D. Interfaces are the areas between subsequent layers. They build disconti-
nuities in the matrix. When vitrifying later layers, the first layers still show diffusion. This dif-
fusion is influenced by interfaces via D. 
 
The hitherto existing IAP method was to vitrify all deposed layers during collapsing and draw-
ing only. The OH diffusion thereby was affected by small paths of each layer and many inter-
faces. The new method presents thick layers, affecting the path length r,  and few interfaces 
influencing D. However, it was appraised experimentally in this work which of these influ-
ences predominates the hydroxyl diffusion. 
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The Herasil type quartz used in this work is produced by flame-fusion cultured crystalline 
quartz grains in an oxygen hydrogen flame. Flame-fusion incorporates OH groups in the SiO2-
network. The used tubes show similar quality. The optical quality of the fiber cladding was ir-
relevant in this work. It only has to be denoted that OH groups can diffuse from the cladding 
into the sol-gel core at higher temperatures. But since the H2O content in the sol-gel core is far 
above 180 ppm like in Herasil [65,66], namely in the order of magnitude of 1 mol-%, this ef-
fect was also neglectable. Furthermore the tube quartz type is specified that it is not possible 
to reduce OH by thermal treatment. This indicates the immobility of the OH groups in the 
host. Likewise other diffusion mechanisms during drawing [67] were neglected in this work 
since the dopant migration would have been outwards the cores in the cladding material, 
thereby enlarging the doped cross section area and the effective core. 
 
The combination of applying thick coatings together with intermediate vitrification was ap-
plied three times, always with a new sol: preliminary research tubes (repeated five times with 
one sol), and two lasing preforms. 
 
 
 
4.2 Collapsing  
 
The tubes are shrunken on the lathe with temperatures of the cylindrical resistance furnace 
amounting to (2100 ± 100) °C. An inner helium/oxygen gas flow with 1 kPa excess pressure 
was applied to prevent to tubes from uncontrolled collapsing. The shrinking thereby is applied 
from the gas-inlet side towards to gas-outlet side. The final shrinking, the collapsing mecha-
nism itself is a single pass of the oven with opposite direction, from gas-outlet to gas-inlet. 
Due to the reduced speed of the oven in this last pass the glass gets so hot from the black body 
radiation of the furnace that it collapses with surface tension as driving force [69]. Collapsing 
was done at Dätwyler Fiber Optics, Boudry (Switzerland). Before drawing, the structure, hy-
droxyl content, cristallinity and RIP of the collapsed preforms were investigated. 
 
 
 
4.3 Preform Investigation  
 
Structure 
 
A photograph of the preform macrostructure is shown in Fig. 4.2. 
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Figure 4.2  Macrostructure of a) the non-lasing preform, b) the mono-mode laser preform, and c) 
the multi-mode laser preform (c). The images were taken after drawing and show the 
neck down regions with residuals from the oven. 
 
 
 
The core of the non-lasing preform is clearly visible in Fig. 4.2 due to scattering. The cores of 
the intermediately vitrified lasing preforms are invisible. Figure 4.3 shows the binocular mi-
crographs of slides of the non-lasing preform and the mono-mode laser preform. 
 
 
 
 
Figure 4.3 Binocular micrographs of preform slides of a) the non-lasing preform (f-9), b) the 
mono-mode laser preform (f-20), both with reflected light, and c) of f-20 in transmitted 
light modus. Edge length of each picture 4 mm. 
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All fiber preforms in this work have a radial structure in their cross sections. Especially the 
non-lasing preform shows long rays running from the core center into the cladding. This is not 
in agreement with the work of McNamara et al. [68] where they locate cracks particularly in-
side the deposited core. These authors call the core cross section “starburst”. 
 
 
 
OH Content 
 
Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) was used 
(Perkin Elmer Spectrum One FTIR with Specac Golden Gate Diamond ATR, having a dia-
mond of type IIa) to detect the OH- -bond oscillations in the core of polished preform slides. 
The signal to noise ratio (SNR) of the instrument with ATR-gate amounts to 12.6 dB over the 
whole range.  
 
The non-lasing preform and the multi-mode preform were investigated, together with two 
former IAP preforms. A Tb5:Al10:Ti10(SiO2)75 preform was built with 19 thin layers and vitri-
fication by collapsing and drawing [69], and a Nd1:Al10:Ti2(SiO2)87 preform was built with 30 
thin layers [6], also without intermediate vitrification. Figure 4.4 shows the ATR-FTIR spec-
tra with inverse wave numbers (cm-1) on the abscissa and the transmission (%) on the ordi-
nate. 
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Figure 4.4 ATR-FTIR spectra. The spectra were shifted by a constant offset, thereby crossing 
each other at the black vertical lines. 
 
 
 
OH groups appear around (3200-3500) cm-1 in  case of hydrogen bondings and around (3500 -
3700) cm-1 in case of monomers. The data in literature [70] for the Si-O-Si vibrations are 
(400-500) cm-1, (750-850) cm-1 and (1000-1250) cm-1. In Fig. 4.4, the Si-O-Si vibrations cause 
the peaks 455  cm-1, 802 cm-1 and 1090 cm-1, superposing the Al-O-Al oscillations of this 
Yb1Al10(SiO2)89 fiber. In the region (2435 – 1775) cm
-1, the spectra shows disturbances 
caused by the instrument, as proved by reference measurements.  
 
In the OH absorption region of 3000 cm-1 to 3600 cm-1 the instrument is at its detection limit. 
Nevertheless there is a tendency that shows a decreasing hydroxyl content in the order Tb-
fiber, Nd-fiber, non-lasing fiber and multi-mode fiber. As therefore indicated the influence of 
many layer interfaces onto the diffusion constant D, Eq. (4.1) is stronger than the influence of 
longer path length r. 
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Cristallinity 
 
To testify that the cooling ramp was steep enough to prevent components of the ternary phase 
diagram to crystallize out, XRD powder patterns were made routinely on polished preform 
slides. The laser fiber preform cores were X-ray amorphous. 
 
 
 
Refractive Index Profile 
 
The multi-mode preform (IAP f-21) was investigated with commercial profilometry (Dätwyler 
Fiber Optis, Boudry Switzerland). The RIP over the cross section was measured along the pre-
form axis at six different positions applying refracted near-field technique with helium-neon 
laser wavelength (HeNe, 632.8 nm). The refracted near field technique is the industry standard 
to determine the RIP of optical fibers and is described in detail by White [71]. Figure 4.5 
shows the RIP. The abscissa denotes the position along the preform (mm), the ordinate shows 
the modification of the index of refraction compared to the cladding value. 
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Figure 4.5 RIP of the multi-mode fiber preform. The colored bars estimate the thickness of each 
of the six layers. 
 
 
 
No thickness fluctuation along the preform axis was detectable, thus the layers were uniformly 
deposited. The innermost layer shows a dip due to evaporation of dopants and co-dopants dur-
ing collapsing. This mechanism is well known from MCVD technique and explained by the 
evaporation of volatile co-dopants and dopants [4]. The colored bars were applied visually and 
estimate the thickness of each of the six layers. Hayer and co-workers [72] found an in-
creasement of the silica content up to more than five times in consolidated layers. Their results 
on a combined sol-gel and MCVD process aligns with the present results. Hayer et al. col-
lapsed their preforms at 1950 °C, whereas we used 2100 °C (temperature of the oven). Two 
main mechanisms enlarge the first deposed layers compared to the innermost layers at these 
high temperatures: diffusion of dopants towards the cladding and evaporation of dopants out 
of the last deposed layers. The index of refraction of the cladding is 1.4457 ± 0.0001, the av-
erage index of refraction within the core (second moment of the index distribution, also called 
the core equilibrium diameter) is 1.4492 ± 0.0017. This results in an average thickness of 2.7 
µm for each of the six layers. NA is 0.1 according to Eq. (2.4), ∆ is 0.24 %, Eq. (2.6). These 
are common values for single-mode fibers [24]. 
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4.4 Drawing  
 
Drawing Tower 
 
Figure 4.6 shows the schematics of the IAP drawing tower. 
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Figure 4.6 Drawing tower schematics. [64] 
 
 
 
Especially in the temperature range from 1600 °C to 2000 °C, the viscosity of pure silica 
glasses can be described by Eq. (4.3) 
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where E0 = 620.9 kJ/mol is the activation energy. The values relevant in this work are calcu-
lated in table 4.1. [73,74] 
 
 
 
Table 4.1 Viscosity of pure silica glass. 
Temperature  
(K) (°C) 
Viscosity  
(P) 
2025 1750 1'088’549 
2075 1800 447’640 
2125 1850 191’942 
 
 
 
The doped core has typically a decreased viscosity due to the network changes of the dopants. 
Since the volume fraction of the core in the fiber is 2 ‰, this influence was neglected.  
 
The parameter range for drawing temperatures, drawing speeds and drawing tensions in this 
work cannot be compared to corresponding ranges in the literature. These parameters depend 
on the properties of the drawing tower. The drawing tower at the IAP was built as research fa-
cility.  
The drawing tensiometer was operating during drawing of one fiber (f-9) only. Temperature 
values denoted in the following signify the measured temperature of the oven, and not the 
temperature of the preform. 
 
 
 
Drawing Parameters 
 
The applied oven temperatures, the preform feed rates, drawing speeds, and if available the 
drawing tensions for relevant fibers are listed in table 4.2.  
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Table 4.2 Relevant drawing parameters. 
Drawing parameters Diameter  
(µm) 
Fiber  
(IAP code) 
Preform feed  
(mm/min) 
Temperature  
(°C) 
Speed (a) 
(m/min) 
Tension (a) 
(N) 
Cladding Core 
1800 ± 10 6 ± 0.5 0.030 ± 0.005 270 ± 7 13 ± 3 
6 ± 0.5 0.011 ± 0.01 240 ± 6 12 ± 3 
Non-lasing 
(f-9) 
0.3 ± 0.1 
1850 ± 10 
9 ± 0.5 0.019 ± 0.01 160 ± 5 8 ± 3 
1750 ± 10 6 ± 0.5 - 170 ± 5 8 ± 0.5 
6 ± 0.5 - 290 ± 8 13.8 ± 0.6 
8 ± 0.5 - 250 ± 7 11.9 ± 0.6 
1800 ± 10 
10 ± 0.5 - 195 ± 6 9.3 ± 0.5 
6 ± 0.5 0.014 ± 0.01 (b) 225 ± 7 10.7 ± 0.6 
8 ± 0.5 0.019 ± 0.01 (b) 180 ± 5 8.5 ± 0.5 
Mono-mode 
(f-20) 
0.3 ± 0.1 
1850 ± 10 
10 ± 0.5 0.024 ± 0.01 (b) 137 ± 4 6.5 ± 0.2 
Multi-mode 
(f-21) 
0.3 ± 0.1 1800 ± 10 8 ± 0.5 - 220 ± 6 17 ± 0.7 
(a) Relative values and standard deviations within each temperature only. 
(b) Estimated values. 
 
 
 
The drawing temperatures of all fibers in this work range from 1650 °C to 1850 °C, the draw-
ing speeds from 4 m/min to 10 m/min. Within these values the mentioned fibers are in man-
ageable ranges of thickness and viscosity, since drawing temperatures lower than 1650 °C 
break the fibers and temperatures higher than 1850 °C are unsuitable because the fibers are 
close to dropping due to their own weight at the moderate drawing speeds applied. The fibers 
were all drawn without applying coatings. 
The diameter of the fiber depends on drawing speed (or tension) and preform feed. This is an 
experimentally well known behavior and also predicted by mass conservation [64,75]. When 
comparing the different diameters for the mono-mode fibers (f-20) shown in Tab. 4.2, this be-
havior seems not to be reproduced in this work. This shows that preform feed and drawing 
speed was not balanced leading to a shift of the neck-down region in the oven at different 
temperatures. 
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5 Fiber Properties 
 
The results of the investigation of fiber attenuation, i.e. scattering losses and absorption, mi-
crostructure, stresses and spectroscopy of the fibers are presented in the following. The setup 
for optical investigations is shown in Fig. 5.1. 
 
 
 
 
Figure 5.1  Experimental setup for determination of losses, absorption, fluorescence and laser 
emission spectra. Experimental arrangement for laser characterization, with the tita-
nium:sapphire laser (Ti:Sa), the helium-neon laser (HeNe), the beam splitter (B), 
lenses of f = 30 mm (L), the incoupling mirror (Mi), various out coupling mirrors (Mo) 
and selective filters (SF, short and long pass). The spectrometer or photodiodes or 
powermeters have been adjusted behind the selective filters depending on the desired 
measurement. A movable fiber collected the signal for the spectrometer. 
 
 
The equipment consisted of a stabilized HeNe laser LHP-991 (Melles Griot, Carlsbad CA, 
USA), a tunable Ti:sapphire laser model 3900 (Spectra Physics, Mt.View CA, USA), and a 
near infrared fiber spectrometer AVS-USB 2000 (Avantes, LL Eerbeek, The Netherlands). 
The power meters were a Model 210 (Coherent, Santa Clara CA, USA), a PD300 and a 10A 
(both Ophir, Peabody MA, USA). Various standard silicon photodiodes and fast germanium 
diodes were used. 
 
 
 
5.1. Attenuation 
 
Scattering Losses 
 
The scattering losses were determined with cutback experiments at the non-absorbed wave-
length 632.8 nm (HeNe radiation). The results were extrapolated to other wavelengths with 
Eq. (2.11). In table 5.1, the scattering losses of the present work are compared to fibers pro-
duced previously at the IAP.  
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Table 5.1 Scattering losses. 
IAP 
code 
Core composition Manufacturing / Remarks Losses αloss
1100 (a) (dB/km)  
when drawn @ temperature  
(°C) 
 
f-9 Yb20Ti6.4(SiO2)73.6 Vitrification by collapsing and draw-
ing 
> 7’338 ± 2’190 @ 1800 (b) 
 
58 ± 4 @ 1800 f-20  
and 
f-21 (c) 
 
Yb1Al10(SiO2)89 Mono-mode or multi-mode fibers,  
intermediate vitrification 31.2 ± 2.2 @ 1850  
 
Nd-IAP(d) Nd1:Al10:Ti2(SiO2)87 Common technique, vitrification by  
collapsing and drawing only 
 
181 @ 1850  
 
Tb-IAP(e) Tb5:Al10:Ti10(SiO2)75 Common technique, vitrification by  
collapsing and drawing only 
 
2’190 ± 329 @ 1850  
 
Tb-IAP Tb2:Al10(SiO2)88 Common technique, vitrification by  
collapsing and drawing only 
 
53 (f) @ 1800 
(a) Extrapolated from the HeNe wavelength with Eq. (2.11). 
(b) Upper loss detection limit. 
(c) The loss measurements have been recorded on f-21 (multi-mode fiber) and trans-
ferred to f-20 (mono-mode fiber). 
(d) No standard deviation calculated. Data from literature [6]. 
(e) As measured on a Tb-doped fiber drawn at the IAP, similar to fibers described by [69], 
but with titania as additional dopant. 
(f)  Measured on a 1.75 m long fiber, no standard deviation calculated. Data from [69]. 
 
 
 
The non-lasing ytterbium doped fiber (f-9) showed no more guided light above detection limit 
in the core after 31 cm. The losses of the multi-mode Yb3+ doped laser fiber produced with in-
termediate vitrification and drawn at 1850 °C shows the lowest scattering losses. This meas-
urement was performed on a 28 m long fiber, and this value has the smallest standard devia-
tion. The data for the last Tb fiber was taken from literature. This loss value was measured on 
a 1.75 m long fiber; the standard deviation was not reported [69]. The losses of the only other 
published fiber lasers with its core built with sol-gel layers show losses amounting to 100 
dB/km at 1.06 µm [5], or 181 dB/km [6]. They are both Nd3+ doped lasers.  
Titania co-doping apparently increases the scattering losses. As reported in detail in chapter 6, 
Laser, the intermediately vitrified Yb3+ fiber lasers show slope efficiencies up to 73 %. This is 
much higher than the sol-gel neodymium fiber lasers reported in literature. They have 3.5 % 
([6] titania co-doped) or 42 % ([5], alumina co-doped) slope efficiency. Although Nd3+ has 
lower quantum efficiency than Yb3+, this indicates that the intermediate vitrification could 
also enhance the neodymium doped sol-gel fiber laser efficiency. 
 
Derived from the cutoff frequency in Eq. (2.7), the cutoff wavelength was calculated to be 828 
nm in case of the mono-mode fiber f-20 and 1.36 µm in case of the multi-mode fiber f-21. 
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Absorption 
 
The absorption of the laser fibers was determined with low pump power to avoid the influence 
of ground state bleaching. Bleaching is described in detail in Appendix F.  In Appendix G, 
Laser Equations, the small signal gain of an absorbing fiber is discussed.  
The extinction coefficient at the pump wavelength was αext908 (335 ± 20) dB/m, measured by 
recording the fluorescence light emitted perpendicularly to the fiber axis while exciting the fi-
ber at 908 nm. After subtracting the scattering losses this leads, together with the concentra-
tion of the absorbing species of 7.65 x 1019 cm-3, to an absorption cross section σabs908 of 
(1.01 ± 0.11) x 1020 cm2. The loss of ytterbium ions due to evaporation during vitrification 
and collapsing is not included in this standard deviation. Table 5.2 compares this value with 
data from literature for different silica hosts. 
 
 
 
Table 5.2 Absorption cross sections in silica hosts. 
Host Yb conc. σabs  
at which wavelength 
Reference 
Pure silica glass 0.2 at.-% 0.6  x 1020 cm2 
912 nm 
 
2.6 cm2 
974 nm 
[76] 
 
 
[77] 
Silica with 10 at.% Al 1 at.-% (1.01 ± 0.11)  x 1020 cm2 (a) 
908 nm 
This work 
Germanosilicate glass 0.04 at.-% 0.75  x 1020 cm2 
908 nm 
[78] 
Germanosilicate glass 0.055 at.-% 0.8  x 1020 cm2 
908 nm 
[8] 
(a) Standard deviation does not include loss of ytterbium ions due dopant evaporation dur-
ing preform preparation. 
 
 
The absorption cross section of Yb1Al10(SiO2)89 is comparable with that of germano silica 
glass, both systems were excited at 908 nm. The cross section in this work is slightly higher. 
Possible errors are the undetermined evaporation of ytterbium ions during preform fabrication 
or the presence of color centers. Paschotta et al. [78] found an unsaturable absorption of ytter-
bium ions in alumino-phospho-silicate and germanosilicate fibers. They supposed fast energy 
migration between Yb3+ ions towards energy trapping color centers. 
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5.2. Microstructure  
 
The microstructure recorded with scanning electron microscopy (SEM; acceleration voltage 
between 10 kV and 30 kV) is shown in Fig. 5.2. 
 
 
 
 
Figure 5.2 SEM micrographs of a) the core area of the non-lasing preform, and b) of the multi-
mode. 
 
 
 
The cleaved fibers have been etched for 10 minutes in 3 wt.-% HF. This pre-treatment re-
sulted in the best SEM contrast. The fibers show radially structured cross sections also after 
drawing. The non-lasing titania co-doped fiber (f-9) shows a powdery core (Fig.5.2a). To in-
vestigate the influence of increased temperature, the mono-mode fiber f-20 was investigated 
when drawn at two temperatures, 1800 °C and 1850 °C. Both drawing temperatures resulted 
in the same fiber cross section images (the fiber drawn at 1850 °C is shown in Fig. 5.2b). 
The cross section of the multi-mode laser fiber f-21 without the radial rays is approx. 18 µm 
wide. This corresponds to the value 17.8 µm, as obtained by RIP. Adding the area with radial 
rays results in a 31 µm wide cross section. This suggests the rays running from the core into 
the cladding, again in contrast with the works of McNamara et al. [68] and An et al. [79] 
about “starburst” cores. The problem behind this calculation is the unknown lateral resolution 
of the commercial RIP. Therefore a SEM micrograph was recorded with backscattered 25 keV 
electrons to show the distribution of ytterbium within the cross section, Fig. 5.3. 
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Figure 5.3 SEM micrograph recorded with backscattered 25 keV electrons. 
 
 
 
The core is clearly visible, the cross section is approx. 20 µm wide. This aligns with the ho-
mogeneous disc in Fig. 5.2b. 
 
 
 
5.3. Stress 
 
Experiments 
 
The thermal history of the fiber preform is not of importance for the interpretation of the stress 
data in the preform [80]; in this work we therefore focus only on stress contribution by fiber 
drawing. During drawing, the silica glass is cooled down very fast under a constant external 
force. This results in a thermal stress part and a mechanically induced stress contribution. The 
stress profile is the superposition of these two contributions. 
 
Mechanically induced stress is built up during drawing due to the radial variation of the vis-
coelastic properties of the fiber. The core shows lower viscosity during drawing than the clad-
ding, so in this case most of the drawing tension is taken up by the cladding. When the fiber 
behaves more and more elastically on cooling, it tends to fix the stress in the cladding material 
by converting the strain to stress. Consequently, stress is frozen in the fiber after removal of 
the drawing tension, and essentially taken up by the cladding, with a linear dependence be-
tween external drawing force and drawing induced stress. 
 
Thermal stresses are introduced into the fiber when cladding and core solidify, i.e. when the 
temperature on the fiber is smaller than the softening temperature of the glasses. The origin of 
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the thermal stress is a free strain that results from a mismatch in thermal expansion coeffi-
cients between core and cladding. Since the thermal stress originates intrinsically, the thermal 
stress integral over the two cross section areas equals zero. In general, the thermal expansion 
coefficient is a function of temperature. The thermal expansion coefficient of alumina at 1600 
°C amounts α(T)= 9x10-6/°C, of titania at 17.5 °C α(T)= 22x10-6/°C and of fused silica α(T)= 
(5x10-7)/°C [66,81,82]. The addition of titania lowers the thermal expansion coefficient of sil-
ica, alumina raises it [2]. 
 
The determination of the stress in a fiber relies on the measurement of phase retardation pro-
files, caused by the accumulated stress-induced birefringence. An introduction to the theory is 
given in Appendix E; the setup is shown in Fig. 5.4. 
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Figure 5.4 Tomography setup. The setup is assembled from a polarization controller, a Sénar-
mont compensator, and imaging optics. 
 
 
 
The polarization controller consists of the combination of a polarizer, a quarter wave plate, 
and a second rotating polarizer. The first polarizer is illuminated with incoherent light from 
the laser source. Due to the high spatial coherence of the HeNe laser, a rotating diffusor is 
used to impair speckle formation in the image plane. The incoherent light behind the diffusor 
is collected by a lens (focal length 20 mm) and linearly polarized. The linear polarization is 
converted into circular by a quarter wave plate, whose fast axis is aligned under an angle of 
45° with respect to the main axis of the polarizer. When the polarization of the incoming light 
is ideally circular, than the power of the transmitted light does not depend on the rotating an-
gle. The intensity and homogeneity of the light illuminating the fiber is adjusted by a con-
denser situated between the quarter wave plate and the fiber. The intensity distribution of the 
illuminated fiber is sampled by a polarization contrast microscopy objective, which is espe-
cially designed for polarization sensitive measurements and thus does not add any birefrin-
gence. The objective images the fiber in a charged-coupled device (CCD) camera, which is 
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used for data acquisition. The combination of quarter wave plate and fiber turns the linear po-
larization emerging from the rotating polarizer. The light leaving the fiber is again linearly po-
larized, but its angle is turned in proportion to the retardation introduced by the fiber. To con-
vert the change in polarization angle to a modulation of intensity, an analyzer making an angle 
of -45° with the fiber axis is put between the microscope objective and the CCD camera. The 
Sénarmont compensator thereby consists of the second quarter wave plate, the condenser, the 
fiber, the objective, and the analyzer. [80,83-88] 
 
Literature data are mostly of binary cores, consisting of the silica matrix and only one dopant 
or co-dopant. The sol-gel fibers in this work consist mainly of the silica matrix, a dopant and 
one co-dopant, leading to ternary phase diagrams. We assume that the literature data in gen-
eral is valid for ternary cores too. 
 
The stress distribution 2D-tomograms of the fibers have been investigated at the Advanced 
Photonics Laboratory (APL), Swiss Federal Institute of Technology Lausanne, Switzerland. 
 
The fiber f-20 (Yb1:Al10:(SiO2)89) in this work was investigated together with two previous 
IAP fibers, a neodymium doped sol-gel fiber and a terbium doped sol-gel fiber. They had the 
core compositions Nd1:Al10:Ti2(SiO2)87 and Tb5:Al10:Ti10(SiO2)75, both with a Herasil-3 clad-
ding. The neodymium and terbium doped fibers are high loss fibers. They were investigated 
because they have different titania contents. The Nd3+ doped fibers has 2 at.-%, the Tb3+ 
doped fiber has 10 at.-% titania. The drawing conditions of these three fibers together with fi-
ber dimensions and losses are summarized in table 5.3. 
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Table 5.3 Drawing conditions and losses of the sol-gel built fibers. 
Fiber Drawing  
temperature 
(°C) 
Drawing  
speed (a)  
(m/min) 
Drawing  
tension (a)  
(N) 
Diameter  
fiber / core (b) 
(µm) 
Losses (c) 
1750 ± 10 6 - 170 / 8 (67 ± 20) dB/m @ 632.8  
 
6 - 290 / 13.8 - 
8 - 250 / 11.9 (0.53 ± 0.08) dB/m @ 632.8 
(58 ± 9) dB/km @ 1100 
1800 ± 10 
10 - 195 / 9.3 - 
 
6 0.014 225 / 10.7 - 
8 0.019 180 / 8.5 (0.28 ± 0.02) dB/m @ 632.8 
(31 ± 2) dB/km @ 1100 
f-20 
1850 ± 10 
10 0.024 137 / 6.5 - 
 
Nd 1800 ± 10 4 - 160 / 7.8 1.35 dB/m @ 632.8  
 
Tb 1800 ± 10 7 - 150 / 9.4 (20 ± 3) dB/m @ 632.8  
 
(a) Measurement of drawing speed and tension have an offset and can be used for rela-
tive comparison within on temperature only. 
(b) With constant preform feed (0.3 mm /min). 
(c) Determined at HeNe wavelength and extrapolated by Rayleigh’s lay to wavelengths 
relevant for laser action. 
 
 
 
Results 
 
The stress values in the next table (5.4) are compared with data for germanium and phospho-
rus doped fibers from literature. Figure 5.5 shows stress profiles with the abscissa showing the 
position along the fiber diameter (µm), and the ordinates showing the stress. In fiber literature 
stress is usually denoted in (kg/mm2). 
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Table 5.4  2-D tomographic stress measurements. 
Fiber type 
(at.-%) in silica 
Drawing temperature 
and drawing velocity 
Fiber diameter 
Core diameter 
Max. core stress (a) 
 
1800 ± 10 °C 
10 m/min 
195 µm 
9.3 µm 
 
(1.29 ± 0.05) kg/mm2 Sol-gel 
Yb1:Al10 
1850 ± 10 °C 
10 m/min 
137 µm 
6.5 µm 
 
(0.99 ± 0.07) kg/mm2 
Sol-gel 
Nd1:Al10:Ti2 
1800 ± 10 °C 
4 m/min 
160 µm 
7.8 µm 
 
(1.16 ± 0.05) kg/mm2 
 
Sol-gel 
Tb5:Al10:Ti10 
1800 ± 10 °C 
7 m/min 
150 µm 
9.4 µm 
 
(8.2 ± 0.1) kg/mm2 
MCVD 
Ge 9 at.-% (b) 
- 
- 
125 µm 
6.7 µm 
 
-5 kg/mm2 
 
MCVD 
P 24 at.-% (c) 
- 
- 
125 µm 
6 µm 
 
-4 – -12 kg/mm2 
 
Ge (d) 1900 – 2100 °C 
5 – 60 m/min 
140 µm 
- 
0.5 – 3 kg/mm2 
(a) Positive values denote axial tension, negative stress number denote compression. 
(b) Data from [89]. 
(c) Depending on drawing temperature within 1800 °C and 1940 °C, data from [90]. 
(d) Concentration unknown, data from [84]. 
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Figure 5.5 Stress profiles of a) Yb1:Al10 -doped sol-gel fiber, drawn at (1800  ± 10) °C with 10 
m/min drawing speed (drawing tension unavailable), b) Yb-doped sol-gel fiber, drawn 
at (1850  ± 10) °C with 10 m/min drawing speed (0.024 N drawing tension) and c) Tb-
doped sol-gel fiber having a high content of titania (10 at.-%), drawn at (1800  ± 10) °C 
with 7 m/min drawing speed (drawing tension unavailable). The image shows a 
zoomed cutout around the fiber core. 
 
 
 
For all sol-gel fibers, the stress in the cladding is within the detection limit. The stress in the 
core of the Yb-doped sol-gel fiber amounts to (1.29 ± 0.05) kg/mm2, when drawn at 1800 °C, 
decreasing to (0.99 ± 0.07) kg/mm2 if drawn at 1850 °C, both with 10 m/min drawing speed.  
The Tb-doped sol-gel fiber Tb5:Al10:Ti10 with its high titania content shows the highest core 
stress (8.2 ± 0.1) kg/mm2. This fiber was drawn at 1800 °C with 7 m/min, the neodymium 
doped fiber Nd1:Al10:Ti2 drawn at 1800 °C with 4 m/min, has (1.16 ± 0.05) kg/mm
2 core 
stress. 
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Figure 5.6 shows the 3-D-tomogram of the multi-mode Yb3+ fiber built from 12 stress profiles 
collected at angle steps of 30° over the cross section. The abscissa and the ordinate demote the 
position on the fiber cross section (µm), the colors represent the amount of stress (kg/mm2). 
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Figure 5.6 3-D-tomogram of the core region of an Yb1:Al10 doped sol-gel silica glass fiber with 290 
µm diameter. 
 
 
 
The qualitative stress distribution looks the same for all investigated sol-gel fibers. 
 
 
 
Discussion 
 
Due to the small drawing tensions applied in this work, the stress in the cladding of all fibers 
is below the detection limit [91], in correspondence with theory since tension and speed are 
related linearly. The discussion therefore can concentrate on thermal stress contribution, 
which is the result of mismatches between thermal expansion coefficients. 
 
A total of at least 11 at.-% dopants and co-dopants have been incorporated into the sol-gel sil-
ica matrix in this work. It is evident that this amount is responsible for a significant mismatch 
of the thermal expansion coefficient between core and cladding, leading to stress centered in 
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the core that is reduced with increasing temperature. Since the titania co-doped sol-gel fiber 
shows the highest stress, the thermal expansion coefficient α(r,T) at a radial position r and 
temperature T varies more in the titania co-doped fibers than in alumina co-doped fibers. Data 
for titania in silica was found in literature and shows linear behavior up to 9 % titania content. 
The experimental data indicate, that the change of the thermal expansion in case of titania as 
co-dopant in a sol-gel silica host must be stronger than with the co-dopant alumina. 
 
The highest drawing temperature in this work is (1850 ± 10) °C. It is assumed that the ho-
mogenization of the microstructure is strongest at this temperature, similar to the mechanisms 
studied for sintering optical waveguides [92]. Subsequently losses are diminished by closing 
cracks, although this can not be seen with binocular microscopy or SEM. The stress in the 
core center should decrease since the mismatch in the thermal expansion coefficient inside the 
core decreases due to the more homogenized glassy network, and because the step-like change 
between core and cladding is flattened. 
 
 
 
5.4 Spectroscopy 
 
 
 
The absorption spectra of the Yb1Al10(SiO2)89 laser fibers were recorded at 974 nm on a multi-
mode fiber preform slide (f-21), figure 5.7. The abscissa denotes the wavelength (nm), the or-
dinate the transmitted intensity (%). 
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Figure 5.7 Absorption spectrum of the multi-mode laser fiber. 
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The absorption spectrum shows a behavior well known from literature [8]. The absorption 
bands of ytterbium in silica glass are at 939 nm and 974 nm [95]. The first absorption band is 
shifted to 915 nm in the Al3+ co-doped silica matrix by the Stark energy split characteristics of 
this host. 
 
 
 
Fluorescence Spectra and Lifetime 
 
Fig. 5.8 shows the fluorescence spectra of a 1 m long multi-mode laser fiber. The x co-
ordinate shows the wavelength (nm), the y ordinate shows the different applied pump wave-
lengths (nm), and the z co-ordinate shows the fluorescence intensity (a.u.). 
 
 
 
 
Figure 5.8 Fluorescence spectra. 
 
 
 
The intensity ratio between the first fluorescence peak at 976 nm and the second peak at 1018 
nm (16.6) stays constant for pump wavelengths between 890 nm and 910 nm. This ratio is 
least (4.9) for the pump wavelength of 978 nm. At this wavelength the second fluorescence 
maximum shifts to 1036 nm with a third maximum appearing at 1073 nm. The pump wave-
length dependence of the emission behavior is a characteristic of alumina co-doped silica host 
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[6,20]. The different fluorescence maxima at different fiber lengths when pumped at 908 nm 
are listed in Tab. 5.5.  
 
 
 
Table 5.5 Fluorescence lifetimes for different fiber lengths, pumped at 908 nm. 
Fluorescence  Fiber Length 
(cm) spectra maxima 
(nm) 
lifetime τ (µs) 
Yb17.2Ti6.6(SiO2)76.2 
(f-9) 
4 976, 1035, 1068 805 ± 7 
 
270 
 
978, 1029, 1065 
 
777 ± 16 
152 976, 1017, - 810 ± 30 
20 974, 1042, 1072 764 ± 4 
12 977, 1027, - 811 ± 24 
1 977, 1022, 1073 (a) 810 ± 7 
 
Yb1Al10(SiO2)89  
(f-20 and f-21) 
 Mean value 794 ± 42 
(a) Peak at 1073 nm only if pumped at 978 nm. 
 
 
 
The deviation of the main emission peak between the different fibers lies within the relative 
accuracy ± 2 nm of the spectrometer. The value in literature is 975 nm [8,9]. Table 5.5 also 
lists the fluorescence lifetime recorded for a 4 cm long piece of f-9 (non-lasing fiber), a 20 cm 
long fiber piece f-20 (mono-mode laser) and for fiber f-21 (multi-mode laser). The latter fiber 
was investigated at different lengths, (270, 152, 12 and 1.0) cm. The fluorescence lifetime was 
recorded at least at 4 different chopper wheel excitation frequencies and wavelengths. With 
the setup the temporal resolution was measured to be < 3 µs. The numerical analysis of the 
fluorescence intensity decay curve was performed starting at least 30 µs after the end of exci-
tation. The dynamic range was at least one decade. 
Comparable measurement on a commercial 0.5 at.-% Yb-doped Ge-co-doped MCVD-built fi-
ber resulted in (729 ± 17) µs. Values for Yb-doped MCVD-built fibers reported in the litera-
ture are in the range of 720 µs to 1350 µs [78]. The fluorescence lifetime of the sol-gel based 
ytterbium aluminum silica glass fiber is also within this range.  
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6 Laser 
 
In Appendix G, Laser Equations, the interaction of matter with radiation, the laser rate equa-
tions, and the gain of a fiber laser are discussed in general. The transitions of Yb3+ and the 
performance of the first Yb3+ sol-gel fiber lasers are described in the following. 
 
 
 
6.1 Ytterbium 
 
Figure 6.1 shows the ground-state absorption spectrum and emission spectrum [8], and the en-
ergy level diagram of Yb3+ in silica. The abscissa denotes the wavelength (nm), the ordinate 
the cross section (10-24 m2). 
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Figure 6.1 Ground-state absorption spectrum and emission spectrum [8], and energy level dia-
gram, of Yb3+ in silica. 
 
 
 
The specific characteristic of ytterbium is the simplicity of its energy scheme. It consists only 
of two states, the 2F7/2 ground state and the 
2
F5/2 excited state with the energy of approx. 
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10’000 cm-1. The peak centered at 974 nm (transition A in Fig. 6.1) corresponds to a pure 3-
level laser transition directly to the ground state and has a width of 10 nm full width half 
maximum (FWHM). The second peak centered at 1036 nm (transition B) has a width of 50 
nm FWHM. The position of the transitions is independent of pump wavelength. Laser action 
on this transition is nearly 4-level in nature, in fact ytterbium has three- and quasi-four-level 
transition dynamics. The broad fluorescence spectrum of ytterbium allows emitting laser light 
within a wide range, 970 nm – 1200 nm, depending on fiber length. Longer fibers emit radia-
tion at longer wavelength since the shorter wavelengths are reabsorbed due to the spectral 
overlap between the emission and absorption spectra, transition C. 
Ytterbium transitions are inhomogeneously broadened in a silica glass matrix. The calculated 
stark splitting of the 2F5/2 level of 0.25 wt.-% Yb
3+ in 35 wt.-% aluminum co-doped silica 
glass amounts to 695.44 cm-1 [76,93]. The different ytterbium ions are surrounded by different 
local fields in the unordered amorphous silica glass host. Inhomogeneous broadening de-
scends in the order of tellurite glasses, silicate, borate and phosphate glasses [94,95]. 
The damage of optical glasses is the extreme case of losses. Intensities up to 1.3 W/ µm2 have 
been demonstrated in MCVD fiber lasers without damaging the waveguide. The surface dam-
age threshold of optical glasses ranges from 50 W/µm2 to 83 W/µm2 and from 27 W/µm2 to 
83 W/µm2 for colored glasses. The internal damage threshold, measured with 3 ns pulses, 
ranges from 23 W/µm2 to 150 W/µm2.
 It is typically higher, since surface defects also in case 
of polished surfaces favor local intensity peaks [96]. Damage thresholds for MCV deposited 
fibers usually are two magnitudes of orders lower. The possible maximal intensity of guided 
(laser) light in doped sol-gel silica glass is assumed to be significantly lower than the data 
above due to structural defects such as the radial shaped cross sections. The intensity of radia-
tion in the fiber cores in this work was 4 orders of magnitudes beneath the mentioned damage 
limits. 
When counter-propagating narrow-bandwidth light waves are superimposed, they form a 
standing-wave pattern. In a gain medium, this has two effects: the gain is saturated preferen-
tially in the antinodes of the pattern, and the resulting amplification is dominated by the exci-
tation density in the antinodes. This can lead to a deformation of the spectral shape of the 
gain, in particular to a gain saturation which is stronger for the wavelength of the saturated 
light field than for some other wavelengths. Consequences of this spatial hole burning for the 
operation of lasers are the difficulty to achieve single-frequency operation with standing-wave 
laser cavities and potentially reduced laser efficiency.  
 
Table 6.1 lists the characteristics of representative continuous wave Yb-doped silica fiber la-
sers, listed in order of increasing laser wavelength.
Table 6.1 Characteristics of representative continuous wave Yb-doped silica fiber lasers, listed in order of increasing laser wavelength [9] 
Laser Wa-
velength 
Pump Wa-
velength 
Ytterbium 
conc. 
Fiber length Other features Threshold Slope efficien-
cy 
Output power @ 
pump power 
Ref 
974 nm 900 nm 580 ppm 0.5 m Dye laser pump 11.5 mW(a) 67%(a) 9.3 mW @ 25.3 
mW(a) 
[97] 
980 nm 890 nm 2x1020 Yb/cm3 8.6 cm Dye laser pump 15.8 mW(1) 66%(1) 10.6 mW @ 48.4 
mW(1) 
[98] 
1019 nm 869 nm 0.11 wt% Yb 7 m Ti : sapphire 14 mW (i) 41%(i) 215 mW @ 550 mW(i) [99] 
1040 nm 974 nm 500 ppm Yb 5 m DCF/Ti:sapphire 75 mW(i) 70%(i) 470 mW @ 750 mW(i) [100] 
1047 nm 974 nm 1800 ppm Yb 10 cm Single-frequency <230 µW(1) 44%
(1) 7.S mW @ 18 mW(1) [101] 
1065 nm 915 nm - - DCF/LD bar < 100mW(1) 54%(1) 16.4 W @ 32.5 W(1) [102] 
1084 nm 937 nm (3-10)x1019 
Yb/cm-3 
20 m Square inner 
clad 
Approx. 0.4 W 72 % ± 3 % 4 W @ 7 W [103] 
~ 1090 nm 875 nm ~ 600 ppm Yb - DCF/LD pump 5 mW(1) 69%(1) 51 mW @ 80 mW(1) [104] 
1098 nm 850 nm 550 ppm Yb 90 m Ti: sapphire 
pump 
33 mW(1) 79%(1) 410 mW @ 550 
mW(1) 
[8] 
1101 nm 915 nrn - - DCF/LD bar 2.2 W(1) 52%(1) 20.4 W @ 32.5 W(1) [102] 
1102 nm 1047 nm 550 ppm Yb 90 m Nd:YLF pump 30 mW(1) 90%(1) 520 mW @ 600 
mW(1) 
[8] 
1114 nm 915 nm 1.5 wt% Yb 50 m DCF/4 LD bars 0.6 mW(i) ~65%(i) 35.5 W @ 55.4 W(i) [105] 
1115 nm 1047 nm 700 ppm 100 m  610 mW(i) 28%(i) 660 mW @ ~3W(i) [106] 
1120 nm 915 nm - - DCF14 LD bars <22 W(i) 58.3%(i) 110 W @ 180 W(i) [107] 
1140 nm 1047 nm 550 ppm Yb 90 m Nd:YLF pump 6 mW(1) 66%(1) 330 mW @ 500 
mW(1) 
[8] 
 (i) With respect to incident pump power; (1) with respect to launched pump power; (a) with respect to absorbed pump power, -: data not available; 
LD: laser diode; DCF: double-clad fiber.
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6.2 Yb3+ Sol-Gel Fiber Lasers 
 
The single-mode fiber (f-20, with 6.3 µm core and 140 µm cladding diameter) and the multi-
mode fiber (f-21, with 10.4 µm core and 230 µm cladding diameter) both with a 
Yb1Al10(SiO2)89 core were investigated with different lengths on the setup shown in figure 
5.1. Table 6.2 shows the laser performances. 
 
 
 
Table 6.2  Yb1Al10(SiO2)89 fiber laser performances. 
Performance  Fiber 
No. 
Length  
(cm)  
Threshold  
(mW) 
Slope effi-
ciency  
(%) 
Ouput power  
(mW) 
Wavelength  
(nm) 
20 - - - 1033 ± 2 
22 - - - (1033, 1037, 1040, 1044) ± 2 (a) 
33.2 71 ± 13 27 ± 4 5 ± 1 7 lines within (1063 – 1091) ± 2 (a) 
Mono- 
Mode  
(f-20) 
65 47 ± 5 64 ± 3 3.9 ± 0.5 (1042, 1080, 1088) ± 2 
      
40 32 ± 2 69 ± 4 44 ± 2 (1077 ± 2) 
100 72.5 ± 2.0 73 ± 5 34.2 ± 2.0 1096 ± 2 
Multi-
mode 
(f-21) 152 (b) 90 ± 2 71 ± 4 27 ± 2 (1042, 1108) ± 2 (c) 
(a) Depending on out coupling mirror adjustment. 
(b) This fiber reached the recorded maximal output while pumped at 878 nm. 
(c) 1042 nm with only Fresnel reflection at the out-coupling fiber end, 1108 nm with air 
gap between fiber end and out-coupling mirror. 
 
 
 
With reabsorption longer fibers show higher thresholds. The behavior of the multi-mode fi-
bers agrees well therewith. With the exception of the 1 m long multi-mode fiber laser (f-21) 
pumped at 878 nm for maximal output, all fibers reached best performance at 908 nm pump 
wavelength. Figure 6.2 shows the laser performance of the (1 m) long multi-mode fiber hav-
ing the highest slope efficiency (73 %). The abscissa shows the launched pump power (mW), 
the ordinate shows the output power (mW). 
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Figure 6.2 Laser performance: threshold 72.5 mW, slope efficiency 73 % (from linear regression), 
and maximal output (limited by available pump power) 34.2 mW. 
 
 
 
The Yb1Al10(SiO2)89 fiber laser in this work is tunable from 1033 nm to 1108 nm depending 
on fiber length. The tunability was investigated with a resonator consisting of a mirror with R 
= 98.8 % at 1100 nm and 50 % at 908 nm, and different output couplers of R1 = 4.8 %, R2 = 
16.2 %, and R3 = 30 % respectively at 1100 nm Figure 6.3 shows the laser emission wave-
length (nm) as a function of the fiber length (cm). 
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Figure 6.3 Laser emission depending on fiber length. 
 
 
 
A clear trend towards longer laser wavelengths with higher fiber length can be ascertained, 
due to sidestepping the re-absorption. At the pump level available in this work, only the 152 
cm long multi-mode fiber (f-21) showed laser action with Fresnel reflection at the cleaved fi-
ber output end. Ytterbium fiber laser action is reported in literature usually with Fresnel re-
flection at the cleaved fiber ends only. In the 1 m long multi-mode fiber laser emitting at 1096 
nm, the emission was constant for pump wavelengths between 835.5 nm and 982.0 nm. For 
varied pump power the emission wavelength was stable for all fibers. We assume that in the 
limited range of available pump power the expected blue shift is not yet visible. 
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Appendix 
 
A Index of Refraction 
 
Generally, the index of refraction of fibers depends on temperature, wavelength, thermal his-
tory, and tension. Here, we discuss the dependences upon wavelength and temperature more 
into detail.  
 
In general the index of refraction can be calculated via the dispersion formula, Eq. (A.1), 
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with the Sellmeier coefficients A1, A2, A3, B1, B2, and B3 calculated with the method of least 
squares on the basis of the refractive indices at standard wavelengths or from literature, e.g. 
Landolt-Börnstein [82]. 
Furthermore the refractive index depends on the temperature of the media. There are two no-
tation for the refractive index’ coefficient of temperature, the absolute one, measured in vac-
uum, and the relative coefficient, measured at dry, ambient air with a pressure of 101.325 kPa, 
both linked via Eq. (A.2), 
 
dT
dn
n
dT
dn
dT
dn air
relativeabsolute
+= . (A.2) 
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B Fluorescence Lifetime of Small Nd3+ Doped Particles 
 
 
 
Today’s state of the art techniques to produce small particles and nanoparticles are laser abla-
tion [108-111], the in-situ formation of native nanoparticles [112] such as e.g. sol-gel technol-
ogy [113,114], solid state reactions [115], spray pyrolysis [116] or milling [117]. Also quan-
tum dots (of cadmium sulfide) in thin glass films have been demonstrated with the sol-gel 
technique [118]. The modifications of spectroscopic properties of the nanoparticles need to be 
investigated [119]. Reported measurements of Nd-doped YAG polycrystalline cluster powders 
in air show lifetimes up to 510 ± 25 µs [120]. The fluorescence lifetime at a wavelength of 
884 nm of heavily doped Nd:YAG nanoceramic grains with average diameters of 25 nm and 
138 nm in air are reported [115]. Strongly non-exponential decay curves were observed due to 
efficient cross relaxation. The emission spectra of Nd:YAG sintered nanocrystalline laser ce-
ramics show a broadening of emission lines [115,121-124]. These experimental results base 
on particles with diameters smaller than the wavelengths. Methods for embedding submicron 
particles into waveguides e.g. by the sol-gel technique are published for many systems 
[118,125-128].  
 
The transition from macroscaled single crystals to submicron particles by milling increases 
not only the ratio of surface to bulk and thereby the influence of surrounding media onto the 
optically active ions, but also increases the number of disordered unit cells at the crystals sur-
face. The first effect – increased ratio of surface to bulk – can quench fluorescence lifetimes 
by multi-phonon processes in the surrounding media, which is the more pronounced the 
higher the possibility of vibronic energy transfer to the surrounding media is [116,129,130]. 
From the point of view of classical solid state physics [131], the second effect – disordered 
surface unit cells – decreases phonon state densities in crystals by perturbed crystal lattices. 
As a result there are more structural defects such as atomic zero-dimensional misordering or 
two-dimensional defects like grain boundaries, and lattice imperfections which trap and dissi-
pate energy (impurity quenching) [132]. OH groups e.g. of an organic solvent which is suffi-
ciently wetting the submicron particles, can quench the fluorescence lifetime, representing the 
third mechanism. As fourth effect, the surrounding media changes the effective index of re-
fraction [108,133], influencing the 4F3/2 → 
4
I11/2 transition in case of Nd
3+. Table B.1 shows 
the physical properties of commercial laser rods.  
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Table B.1  Physical properties of commercial Nd0.03:Y2.97Al5O12. 
Physical property (a) Value (unit) Remarks 
Relative molecular mass Mw 595.29 (g / mol) For 1 at.-% Nd (b) 
 
Poissons number νp 
 
0.25 (1) - 
Luminescence lifetime τf 
 (b) 230 – 255 (µs) - 
 
Youngs modulus E 
 
3.17 × 104 (kg/mm2)  
311 (GPa) 
- 
 
 
Heat conductivity 14 (Wm-1K-1) 
10.5 (Wm-1K-1) 
at 20 °C 
at 100 °C 
 
Thermal shock resistance 
 
790 (Wm-1) - 
Lattice constant (c) 
 
12.005 - 12.01 (Å) Cubic 
Relaxation time / energy @ 1064.1 nm of 
terminal lasing level 
30 (ns) / 2110 (cm-1) - 
 
 
Linewidth 0.6 (nm) - 
 
Loss coefficient 
 
0.003 (cm-1) at λ = 1064 nm 
n1.0 µm 1.8197 (1) - 
 
dn/dT  
 
7.3 × 10-6 (K-1) at unknown intervall of λ 
Melting point 1950 (°C) - 
 
Density ρ 4.55 (g/ml) - 
 
Hardness on Mohs’ scale 8 – 8.5 (1) - 
(a) Various information for this work were taken from [10,14,134]. 
(b) As indicated by the chemical formula Nd0.03:Y2.97Al5O12, YAG doped with 1 at.-% Nd 
was used in this work only. 
(c) Value depending from source. 
 
 
 
The investigation of fluorescence lifetime in Nd:YAG (Nd0.03:Y2.97Al5O12) nanoparticles as 
function of diameter and/or of the refractive index of the surrounding has not been addressed 
so far. Therefore the first goal was to investigate the dependence between fluorescence life-
time and particle diameter of Nd:YAG at ambient temperature. The second attempt was to re-
peat these measurements in liquid environment with different indices of refraction, smaller 
than YAG. Milled Nd:YAG powder was brought into 2-propanol, which serves simultane-
ously as organic dispersion medium and temperature stabilizer, and lowers the average index 
of refraction compared to the index of YAG. The prolonged radiation decay was measured in 
relation to particle size and constant refractive indices. The effects of temperature rise and 
heat conduction in nanocrystalline powders, totally different from macroscopic single crystals 
[124], were negligible in this work due to the liquid phase providing constant temperature dur-
ing fluorescence lifetime investigations. 
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Using Stokes’ law Eq. (B.1), the particle size distribution at the corresponding sedimentation 
height and sedimentation duration was calculated, after immersing the powders in liquid. The 
velocity v of a sinking particle with spherical shape is given by 
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v , (B.1) 
 
g is earth’ gravity, a is the particle radius, ρs the density of solvent, ρp the density of particles, 
and η is the viscosity of the solvent. To compare the subsequently measured lifetimes with 
theory, three different methods reported in literature were considered. According to Meltzer 
and coworkers [135], the lifetime is enlarged proportional to  
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These authors expand the Lorentz virtual spherical cavity model with neff, the index of refrac-
tion between particle and surrounding depending on volume fractions. Yablonovitch and co-
workers [136] change the lifetime in a real dielectric sphere by 
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with the internal (ni) and the external (ne) index of refraction. Toptygin [137] uses the empty 
spherical cavity model 
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The latter formula can be derived by Eq. (B.3) by equaling ni to unity. The first mentioned 
work differs from the two others but verifies its prediction also with experimental results. It is 
therefore assumed that there is still incertitude in how to describe numerically the effect of 
fluorescence lifetime prolongation.  
The milling, the resulting particle size distribution, the results of the sedimentation and fluo-
rescence lifetime investigation, and the results of the index variation and fluorescence lifetime 
investigation are presented in the following. To the end, possible alternatives to the conducted 
experiments are listed. 
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Milling 
 
Subsequently high energy ZrO2 ball milling of 1 at.-% Nd:YAG (Nd0.03:Y2.97Al5O12) was pe-
formed. As starting material, a Nd:YAG boule (FEE, Idar-Oberstein, Germany) was used. In 
Nd:YAG garnets, grown by the Czochralski method, the Nd-content varies along the growth 
axis due to segregation. The average at.-% Nd content in this work was 1%. The boule was 
pre-crushed manually with a hammer and a metal chisel in an aluminum vessel and 29.4 g of 
the pre-crushed particles subsequently milled with a planetary mill (pulverisette 7, Fritsch 
GmbH, Idar-Oberstein Germany). The milling was performed by the mill manufacturer and 
repeated at the IAP. 2-propanol with a purity of 99.9 wt.-% served as organic solvent for 
grinding. Table B.2 shows grinding set and parameters and 50% number of diameter d50, for a 
detailed analysis of the grinding bowl and balls refer to table B.3.  
 
 
 
Table B.2  Planetary mill grinding set and parameters. 
Total grinding time 
(h) 
Remarks (a) Result (b) d50  
0.05 Pre-crushing, no solvent used 
ZrO2 grinding bowl, 7 ZrO2-balls / 15 mm diameter 
800 rotations per minute 
 
- 
0.5 10 ml 2-propanol added (c) 
 
 < 3.5 µm 
1 2 ml -2-propanol added (c) 
 
 < 2.6 µm 
2 - 
 
 < 2.0 µm 
3 2 ml 2-propanol added (c) 
 
 < 1.9 µm 
5 5 ml 2-propanol added (c) 
Balls replaced by 20 ZrO2-balls / 20 mm diameter 
 
 < 1.5 µm 
10 -  < 1.0 µm 
(a) Remarks denote deviations from the upper cells or additional setups. 
(b) As measured by Fritsch GmbH (Idar-Oberstein, Germany) [138]. 
(c) Quality and source unknown, used by Fritsch GmbH (Idar-Oberstein, Germany). 
 
 
Table B.3  Analysis of grinding set. [138] 
Formula Content (a) (%) 
ZrO2 94.50 
HfO2 1.5 
SiO2 < 0.1 
Al2O3 < 0.1 
Fe2O3 < 0.05 
CaO < 0.05 
MgO < 3.1 – 3.3 
Na2O < 0.03 
others < 0.1 
 (a) Assumed as to be wt.-%. 
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Particle Size Distribution 
 
The particle size class distribution was determined with a commercial laser particle sizer (ana-
lysette 22, Fritsch GmbH, Idar-Oberstein Germany) by the mill manufacturer and with dy-
namic light scattering (DLS) at the IAP. The two milling charges, the one from the mill manu-
facturer and the one milled at the IAP were investigated with SEM at the IAP. The data from 
the manufacturer of the size distribution is shown in Fig. B.1, where the abscissa denotes the 
particle size (µm) and the ordinate shows the occurrence and cumulative occurrence (both %). 
Fig. B.2 shows a SEM micrograph of the clustery powder.  
 
 
 
 
Figure B.1 Resulting distribution of particle diameter classes. The fraction of particles smaller than 
174 nm in diameter was not determined. 
 
 
     
 75 
 
Figure B.2 SEM micrograph of the milled Nd:YAG powder showing clusters. 
 
 
 
The powder shows many clusters. As observed by SEM ultrasound treatment shows no effect 
on this clustered system. The resulting powder consisted of 64.8 wt.-% Nd:YAG and 35.2 wt.-
% ZrO2 abrasive wear. The d50 of the entire powder was smaller than 1 µm. The fraction of 
ZrO2 abrasive wear of the used mill shows particle sizes bigger than 1 µm, typically around 3 
µm [138]. Thus the d50 of the Nd:YAG fraction was effectively smaller. Figure B.3 shows the 
taken XRD pattern using CuKα1 with λ = 0.15460 nm and characterized with data from litera-
ture [139,140]. The abscissa shows the diffraction angle 2θ (°), the ordinate the diffraction in-
tensity (a.u.). 
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Figure B.3 XRD powder diffraction pattern. The asterisks mark reflexes from ZrO2 mill wear. 
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The position of the reflexes of the milled powder is in accordance with the Nd:YAG pattern 
from literature. Some reflexes originating from ZrO2 mill wear are visible.  
 
 
 
Sedimentation and Fluorescence Lifetime Investigation 
 
(2.00 ± 0.02) g milled powder was added to 30 ml 2-propanol (n25D = 1.377, > 99.9 wt.-%) in 
glass tubes. The glass tubes were brought to a vertical position for the sedimentation to start. 
Fluorescence lifetime measurements were done after different sedimentation durations at dif-
ferent sedimentation heights. Temperature was measured during all investigations. This 
method using sedimentation leads only to estimated values on the one hand due to unknown 
shape of particles, the polydisperse system with clusters, wear of ZrO2 and a too high overall-
particle-in-solvent volume fraction during sedimentation [141]. On the other hand, with the 
employed method of powder insertion the sedimentation results in the upper limit of the parti-
cle size distribution. 
 
Pump light from a laser diode pulsed with a sharp falling edge (λ = 808.5 nm, 0.12 W average 
power at 200 Hz and 1 ms puls duration) was launched to the sedimentation glass tubes at dif-
ferent sedimentation heights. Emitted fluorescence was collected with a silica fiber bundle, 
and the fluorescence lifetime was detected using a cooled photomultiplier (7102, Hamamatsu 
Photonics Swiss Office Solothurn) and a digital storage oscilloscope (Textronix TDS 684A, 
Tektronix represented by Linktronix AG). A grating monochromator was set to 1064 nm, and 
an additional interference filter with a transmission of 0.089 % at 808 nm and 89.8 % at 1064 
nm was used to minimize influence of pump light. The experimental setup is shown in Fig. 
B.4. The signal response lifetime was below 100 ns. 
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Figure B.4 Setup for sedimentation and fluorescence lifetime measurement. 
 
 
 
Three different samples were investigated, s-1, s-2 and s-3, each was measured at least twice. 
The temperature during all measurements was (22 ± 1) °C. The fluorescence lifetimes versus 
particle sizes (function of sedimentation height and sedimentation duration) are listed in table 
B.4. A typical fluorescence decay is shown in figure B.5, with the abscissa as the time scale 
(ms), and the ordinate denoting the fluorescence intensity (a.u.). The decay was fitted for all 
measurements with a single exponential decay within one decade observed. 
 
 
 
Table B.4  Particle size versus fluorescence lifetime for constant refractive indices. 
Sample  Fitted τf   
(µs) 
Particle size  
(nm) 
 
314 709 s-1 
288 709 
432 761 s-2 
288 761 
309 992 
361 992 
s-3 
238 992 
Average value: 318 µs (± 62 µs) 
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Figure B.5 Fluorescence decay. 
 
 
 
The highest measured fluorescence lifetime for particles with diameters smaller than 1 µm 
amounts to 432 µs, measured for a fraction with calculated value of 761 nm as upper diameter 
limit. The average value of all measurements of the size class up to 1 µm is 318 µs. The decay 
has a standard deviation of ± 62 µs. The lowest measured fluorescence lifetime amounts to 
238 µs for a diameter of 992 nm. The data in this work is a convolution of two distributions: 
on each height in the vessel the whole distribution of particle sizes from zero to the chosen 
upper size is present; the second distribution is the dependence of lifetime on particle size. As 
yet the available data do not allow a conclusion. 
 
 
 
Index Variation and Fluorescence Lifetime Investigation 
 
To vary the influence of the surrounding onto the local field via different index of refractions, 
varying phase fractions of the milled Nd:YAG powder was poured into three different organic 
solvent showing different indices of refraction. Well known organic compounds show indices 
from 1.283 for trifluoroacetic acid up to 1.749 for diiodomethane [142]. We chose 2-propanol 
(n25D = 1.377, > 99.9 wt.-%), 1-octanol (n
25
D = 1.429, puriss ≥ 99.5 wt.-%) and benzyl alcohol 
(n25D = 1.540, ≥ 99.0 wt.-%) due to their low toxicity and availability. The values for the indi-
ces of refraction for the different solvents were taken from the suppliers’ material data sheets. 
Together with these new samples the first samples series (s-1, s-2 and s-3) were investigated 
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too, after one year of storing. All samples were investigated in the same setup as before just 
after setting up, and after 23 hours sedimentation time at a height corresponding numerically 
to 0.9 µm particle size. The corresponding nomenclature is shaked or sedimented. The results 
are listed in Table B.5. 
 
 
 
Table B.5  Fluorescence lifetime in the three different refractive indices. 
Sample and/ solvent Code Treatment Fraction 
(wt.-%) 
Lifetime  
(µs) 
 
s-1sed sedimented 8 341 ± 29 s-1, 2-propanol 
s-1shaked shaked 8 243 ± 89 
s-2sed sedimented 8 160 ± 14 s-2, 2-propanol 
s-2shaked shaked 8 341 ± 48 
s-3sed sedimented 8 342 ± 73 s-3, 2-propanol 
s-3shaked shaked 8 381 ± 105 
 
2-propanol.1 shaked 19 274 ± 111 
2-propanol.2 shaked 23 223 ± 46 
2-propanol 
2-propanol.3 shaked 20 312 ± 61 
 
1-octanol.1 shaked 22 227 ± 60 
1-octanol.2 shaked 22 248 ± 156 
1-octanol 
1-octanol.3 shaked 25 406 ± 2 
 
benzyl alcohol.1 shaked 16 370 ± 126 
benzyl alcohol.2 shaked 19 335 ± 107 
benzyl alcohol.3 shaked 20 324 ± 47 
Benzyl alcohol 
benzyl alcohol sed sedimented 20 257 ± 28 
 
 
 
Figure B.6 shows a plot of the data in Tab. B.5. The ordinate shows the measured fluores-
cence lifetime (µs). The abscissa shows the index of refraction of the solvent. The plot shows 
the different theories. To simplify matters and to see the trend only, in Eq. (B.2 – Meltzer and 
coworkers), neff was set as to be index of refraction too, together with n. In Eq. (B.3 – 
Yablonovitch and coworkers) the internal index was set to be the index of YAG, whereas the 
external index was the one of the solvent. In Eq. (B.4 - Toptygin) n was the solvents index. 
For the experimental data the measured lifetimes are assigned to the index of the used solvent. 
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Figure B.6 Measured fluorescence lifetimes in different surroundings, compared to the theories 
from literature. 
 
 
 
There exist significant discrepancies between the different theories, as it can be seen in Fig. 
B.6. The measurements are not attributable to any of the theories. The applied method of mill-
ing without controlled quantitative fractioning of the different particle size classes is unsuit-
able to investigate the dependence of fluorescence lifetime upon particle size. The clusters are 
more or less filled with the suspending liquid, depending on the liquid’s viscosity and on the 
pore size of the clusters. The determination of the pore size/distribution was beyond the scope 
of this work. The dynamic viscosity values in contrast are available in literature, such as the 
viscosity at 20 °C η20 of 2-propanol is 2.256 x 10
-3 (Nsm-2), η15 of 1-octanol 10.6 x 10
-3 (Nsm-
2) and η20 of benzyl alcohol 5.8 x 10
-3 (Nsm-2) [142]. Neglecting the wettability it can be said: 
in case of the liquid with the smallest viscosity, 2-propanol, more filled small pores define the 
refractive index of the local field most. In case of 1-octanol the pores are filled little, and ben-
zyl alcohol penetrates the clusters more than 1-octanol but less than 2-propanol. Thus 2-
propanol samples should show the longest lifetime, followed by benzyl alcohol and 1-octanol, 
in contradiction to the experimental result. 
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Alternatives 
 
An alternative to investigate this powder with its wide particle size distribution and clusters is 
the quantitative fractioning. This idea was pursued twice. First 5 grams of the powder were 
bagged in a polyamid (nylon) precision sieve cloth with 15 µm mesh width (VWR Interna-
tional AG, Dietikon Switzerland) and dipped 500 times in stirred H2O within 5 days. H2O had 
to be taken since propanols are corroding nylon. The cloudy solvent was subsequently excited. 
No fluorescence was detectable, also after the solvent was concentrated with a rotary evapora-
tor. As second attempt, a 1 m high and 5 centimetres wide tube was filled with 2-propanol and 
charged with a suspension of few grams milled powder in several millilitres 2-propanol. After 
sedimentation during one week, 10 cm high fractions of the cloudy solvent column were si-
phoned. The fractions were concentrated but fluorescence was not detectable.  
 
Other possibilities are the addition of chemical additives avoiding quenching or the produc-
tion of native nanoparticles, to obtain particles with diameter small enough, and in significant 
amounts. The production of native nanoparticles is described in various publications, e.g. 
[113,114,143], or patents [144,145], together with well investigated properties [121,122,146-
150].  
 
The present work is continued in the frame of a Swiss National Science Foundation project. 
CdSe quantum dots and native Nd:NaYF4 nanoparticles produced by precipitation synthesis 
are incorporated in fiber core matrices. 
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C Photonic Crystal Fiber 
 
First PCF were drawn in Bern within the frame of this work. The preform consisted entirely of 
Herasil-3 quartz. It was constituted by an encasing tube, (19 ± 0.5) mm outer diameter, (16 ± 
0.5) mm inner diameter and length (80 ± 0.5) cm, equipped with six small tubes, (5 ± 0.5) mm 
outer diameter, (3 ± 0.5) mm inner diameter and length (75 ± 0.5) cm, and one quartz rod, (5 ± 
0.5) mm diameter and length (75 ± 0.5) cm. The preform was drawn at normal pressure and 
1750 °C oven temperature. Figure C shows the fiber.  
 
 
 
 
Figure C Photonic crystal fiber. The diameter is 200 µm. 
 
 
 
Eminent deformations of the initially circular cross sections have to be noticed. Not all of the 
different components are fused to each other. Since the rod after drawing has a relative greater 
radius than the other small tubes, we attribute all these irregularities to the low drawing tem-
perature and speed applied. A temperature of 1750 °C is close to the setting temperature of 
quartz glass 1710 °C [14,72]. The temperature gradient leads to distinct lower temperatures in 
the innermost part. This causes totally inhomogeneous drawing conditions along the wide-
spread cross section (19 mm) of the preform. 
 
The development of PCF was continued in the frame of two PhD thesis at the IAP. 
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D Chemistry 
 
The basic formulation for stable sols and the particulate instruction to achieve highly viscous 
sols are described in the following. The details of the chemicals employed in the sol-gel proc-
ess are summarized in Table D.1. 
 
 
 
Table D.1 Details of the employed chemicals. 
Source Relevant properties Nomenclature 
Name Purity / Content Relative molecular  
Mass (a) Mw 
Density (a) 
d 20/4 
Tetraethyl-orthosilicat, 
TEOS 
 
Fluka (b) puriss. ≥ 99.0 wt.-% 208.3 g/mol 0.933 g/ml 
Titan(IV)-isopropoxid, 
TIP 
 
Fluka purum 284.2 g/mol 0.96 g/ml 
Ethanol 
 
Merck (c) absolut zur Analyse 46.07 g/mol 0.79 g/ml 
Water 
 
IAP (d) Milli-Q 18.02 g/mol 1.00 g/ml 
Hydrochloric acid 
HCl aq. 
 
Fluka puriss p.a.  
≥ 36.5 wt.-% 
36.46 g/mol 1.18 g/ml 
Aluminum nitrate nonahy-
drate 
 
Fluka puriss p.a.  
≥ 98.0 wt.-% 
375.13 g/mol (solid) 
Ytterbium nitrate penta-
hydrate 
Aldrich (e) 99.9 wt.-% 449.13 g/mol (solid) 
(a) according to Falbe [14]. 
(b) Fluka Chemie GmbH Buchs, Switzerland. 
(c) Merck (Schweiz) AG Chemicals Dietikon, Switzerland. 
(d) Milli-Q of Millipore.com, installed at the Institute of Applied Physics, University of Bern, 
Switzerland. 
(e) Fluka Chemie GmbH Buchs, Switzerland on behalf of Aldrich of Sigma-Aldrich Corpo-
ration. 
 
 
 
Basic Formulation 
 
1 mol TEOS was dissolved in 8 mol EtOH and stirred for 5 minutes. Ethanol as a polar (and 
protic) solvent was ideal since it dissolves easily inorganic nitrates. 22 ml of HCl aq. with a 
diluted normality of 0.15 N (corresponding to 3 mmol HCl and 1.234 mol H2O) was added 
while stirring vigorously, resulting in a clear colorless, lightly warmed (35 °C) solution. The 
final mixture showed a concentration of approx. 1.4 N SiO2 after two hours stirring at ambient 
temperature. If titanium was the desired co-dopant, 1 mol TIP was dissolved in 7.5 mol EtOH 
to obtain a clear very lightly yellow, lightly warmed (35 °C) solution. This solution showed a 
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normality of approx. 1.4 N at ambient temperature after two hours stirring. If aluminum was 
the desired co-dopant, 1 mol aluminum nitrate nonahydrate was dissolved in 27.6 mol EtOH 
by two hours stirring to obtain a clear colorless solution, showing approx. 0.51 N at ambient 
temperature. 1 mol ytterbium nitrate pentahydrate was dissolved in 16.7 mol EtOH (approx. 
0.86 N). The corresponding amount of the co-dopant solution of titania or aluminum nitrate 
was slowly poured into the TEOS-solution while stirring vigorously. In case of TIP the mix-
tures became thereby lightly yellow and approx. 35 °C to 40 °C warm. Finally, the desired 
amount of ytterbium (between 1 at.-% and 20 at.-%) was added. The final sol was stirred for 
at least 2 hours and stored for 48 hours before use. All these preparations were conducted in 
sealable low density polyethylene vessels. None of the sols showed gelation within one 
month, thus no gelation inhibitor such as acetylacetone [151] was therefore required. 30 of 50 
sols with similar composition were long-term stored at the same conditions, e.g. ambient tem-
perature. 97 % of these sols (29) were still liquid after (6 ± 1) months, 90 % (27) after (9 ± 1) 
months and only 37 % (11) appeared as gels after (12 ± 1) months storage time. The reasons 
for inconsistent gelling times are compositions which were not exactly the same and varia-
tions of the unknown impurities in the fine chemicals, as shown by analysis certificates (e.g. 
[152]). Some ions can act catalytically in a sol-gel system, e.g. the ions of chromium, molyb-
denum, tungsten or fluorine [17]. 
 
 
 
Particular Formulations for Highly Viscous Sols 
 
For the core deposition in the fiber preform tubes, the amount of solvent (EtOH in all cases) in 
the basic formulation was stepwise minimized down to 77.5 wt.-%. Three fiber preforms have 
thereby been produced (Table D.2). The most concentrated sols, used for the laser fibers f-20 
and f-21, consisted of 1.26 mol TEOS, 0.14 mol aluminum nitrate nonahydrate, 15 mmol yt-
terbium nitrate pentahydrate, 4 mmol HCl in 1.556 mol H2O, and 11 mol EtOH. 
 
 
 
Table D.2  Produced fiber preforms. 
Layers IAP code (a) Composition Preform description 
No. Thickness (µm) (b) 
f-9 Yb20Ti6.4(SiO2)73.6 Non-lasing fiber 6 1.4 ± 0.2 
f-20 Yb1Al10(SiO2)89 Mono-mode fiber laser  3 2.7 ± 0.1 
f-21 Yb1Al10(SiO2)89 Multi-mode fiber laser  6 2.7 ± 0.1 
(a)
 Code used in the Laser Division of the Institute of Applied Physics (IAP), University of 
Bern, Switzerland. 
(b) As measured by profilometry on f-21 and assigned to f-9 and f-21 by microscopical 
comparison of the preform slides. 
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E Stress Determination 
 
Axially Symmetric Stress Distribution 
 
When an optical ray passes through an anisotropic medium, its polarization is generally 
changed. The two components of the (transverse) electric field propagate with different ve-
locities, as they experience different refractive indices n(t,s), Fig. E. 
 
z
t
s
α
n = f(t,s)
n ≠f(z)
 
Figure E Optical ray passing trough anisotropic medium. 
 
 
 
Due to the circular shape of the index variations in case of a symmetric stress distribution, the 
two components of the light vector then accumulate a total phase retardation profile δtot(t), 
only as function of t. For one-dimensional tomography of circular symmetric fibers the Abel-
inversion was used in this work to recover the radial fields from the projection data [85]. The 
application of the Abel-transform to the phase retardation profile yields 
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with the axial stress σzz, Young’s modulus E, Poisson’s ratio ν, and the photoelastic constant, 
C. The Abel-inversion of the total retardation profile is the sum of the elastic stress profile and 
a constant offset proportional to the inelastic strain. The offset has been labeled by the oxymo-
ron “inelastic stress” by Paek et al. [87]. With this interpretation the Abel-transform can be 
taken as the superposition of a real “elastic” stress and a virtual “inelastic” stress with the 
“inelastic” stress defined as 
 
ε
ν
σ ∆
−
=
1
~ Ein
zz . (E.2) 
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The tildes in equations (E.1) and (E.2) indicate that the stress is only virtual, in analogy to the 
meaning of the quotation marks in the text. The integral of the axial stress, the real, elastic 
contribution in Eq. (E.1), vanishes over the fibers area, i.e. 
 
∫ =
A
el
zzdA 0σ , (E.3) 
 
according to St Venant’s principle [153] which only holds for the elastic contribution. There-
fore the virtual “inelastic stress” can be determined with the expression 
 
∫
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for the virtual “inelastic stress”. The corresponding (“real”) inelastic strain anisotropy can 
subsequently be deduced from equation (E.2). Once the profile has been separated from the 
virtual “inelastic stress”, it can be inserted in the “sum rule”, which connects the stress com-
ponents for the case of circular symmetry [85], 
 
θθσσσ += rrzz . (E.5) 
 
The sum rule applies only to cylinders where Young’s modulus and Poisson’s ratio do not de-
pend on position. The stress components in the cylindrical coordinates are 
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with the Airy stress function F(r,θ) [85,154], and together lead to the equation of equilibrium 
when circular symmetry is assumed 
 
r
r rrrr ∂
∂
+=
σ
σσθθ . (E.7) 
 
Inserting the sum rule, equation (E.5), yields a differential equation which can be solved for 
the radial stress, 
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∫=
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zzrr d
r
r
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1
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Clearly σrr must vanish outside the fiber, which is only guaranteed when the integral of the ax-
ial stress over the fiber areas vanishes (St Venant’s principle). The further procedure is out-
lined below. A detailed discussion of the three inversions to perform one-dimensional tomo-
graphy, Abel, onion-peeling and filtered backprojection methods, can be found in the litera-
ture [85,155]. 
 
 
 
Non-Axially Symmetric Stress Distribution 
 
For a fiber with non-axially symmetric stress distribution, the two-dimensional (2-D) cross-
secional stress profile can be determined from not just one but many projected phase profiles 
with different projection angels from - 90° to + 90°, Fig. E. The projected phase retardation 
profile for a certain projection angle α can be written as a line integral [86], 
 
[ ]∫ −⋅= dsstnstnt tz ),(),()/2()( λπδα , (E.9) 
 
where s is the propagation direction of collimated incoming light that is perpendicular to the 
fiber axis z, t is another transverse axis that is perpendicular to the z and s axis, λ is the wave-
length of the light source, in our case amounting to 632.8 nm (incoherent collimated HeNe la-
ser radiation), and nz (t,s) and nt (t,s) are the 2-D RIP of the two electric fields polarized along 
axial direction z and transverse direction t of the fiber. These phase retardation profiles with 
many different projection angles form a 2-D projected phase retardation profile δ (t,α), called 
a sonogram [85]. 
The sinogram is used to calculate the 2-D axial stress distribution σzz (x,y) of a fiber by use of 
the inverse Radon transformation [156,157]: 
 
}{ ),()2/(),( αδπλσ tiradonCyxzz ⋅= , (E.10) 
 
with iradon{} representing the inverse Radon transformation. The actual reconstruction of 
cross sectional stress data is obtained by use of a filtered backprojection algorithm as ex-
plained by Kak et. al. [156] and Abe and coworkers [157]. For the present work it was per-
formed at the APL by the inverse Radon-transform implementation IRADON of the computer 
algebra environment MATLABF. 
                                                           
F http://www.mathworks.com/products/matlab/ 
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Assuming that the parameters of a fiber do not change as a function of axial position z, the 
other nonzero stress tensor components in the circular cylindrical coordinate system (σρρ, σϕϕ, 
σρϕ) are calculated by use of the Airy stress function F(r,θ) 
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where χ is an arbitrary harmonic function that satisfies ∇2χ=0 for the case of circular symme-
try, similar to the derivation above. The stress function is submitted to the boundary condi-
tions 
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with the outer radius a of the cylinder. With the stress components in the cylindrical coordi-
nates, equation (E.6), Since the fiber-stress distribution is not axisymmetric, the shear stress 
σrθ, becomes nonzero and the stress tensor constructed with the generated components is not 
diagonal, but it was diagonal in the case of axially symmetric stress distribution. The stress 
tensor σ  can finally be written as 
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For a more detailed derivation of the mechanical theory see the APL works [85,158] and Puro 
and Kell [154]. 
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F Bleaching 
 
When pumping active media, both absorption and induced emission occur. The occupation N 
in the higher (2) and the ground state (1) is given by  
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with B12 and B12 the Einstein
F coefficients for absorption and induced emission respectively 
and the energy density ρ(ω). In a stationary equilibrium the total dynamics are given with 
g1B12=g2B21, with the degeneracies g1 and g2. The idealized linewidth is  
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with ∆N(0) = -N0 (the thermal population is neglected) and ρ(0) = ρ0 as boundary conditions. 
A solution for ∆N(t) is 
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and a solution for ρ(t) 
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The limes for this set of differential equations is (stationary case), 
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F Hundred years ago 1905 in Bern, Swiss citizen Albert Einstein explained among the many revolutions within 
his annus mirabilis the photoelectric effect [160] with a mathematical description with quanta of lights. 
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and for ρ(t) 
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The lengthwise dependency now is given by 
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with the solution as before for 
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The part of an incident pump beam that is above a certain energy density ρ(z) sees the gain 
medium in the fiber core as to be transparent, that is to say that the number of absorbing ions 
equals the number of emitting ions. This derivation is correct only when stimulated processes 
are predominant. [159] 
 
To incorporate spontaneous emission, the derivation has to start with the modified Eq. (F.1)  
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with the fluorescence lifetime τf.  
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G Laser Equations  
 
Interaction of Matter with Radiation 
 
The Einstein coefficient A21 describes the probability of the transition of an electron in an 
atom from an upper energy level E2 to the lower level E1. The electron thereby emits a phonon 
of the frequency 
 
h
12
21
EE −
=ω , (G.1) 
 
where h is the reduced Planck constant. The photon will generally be emitted in random direc-
tion with a random polarization (if external fields are absent). When considering an ensemble 
of atoms, the number of excited atoms is decreased according to 
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with the solution N2(t) = N2o exp(-A21t).  
 
Real systems are formed by many energy levels a, b, … so that Eq. (G.2) is modified to  
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The time within the number of excited atoms decreased to 1/e is called lifetime τ2, with  
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The spectral shape g(ω) of the spontaneous emitted radiation is called line shape, usually 
scaled 
 
( ) 1=∫ ωω dg . (G.5) 
 
Generally g(ω) shows a maximum at the frequency ω21 and has a finite width, the linewidth, 
leading to  
 
( ) ( )ωω gAA 2121 = , (G.6) 
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and 
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−=−= ∫ ωω . (G.7) 
 
Electrons can be stimulated by incident photons to drop from the upper to the lower level. 
This mechanism is the so called stimulated emission. The thereby additionally emitted photon 
has exactly the same properties as the incident photon. The frequency dependency of the Ein-
stein coefficient for stimulated emission is again determined by the line shape of the transition 
 
( ) ( )ωω gBB 2121 = . (G.8) 
 
The dependency between the Einstein coefficient and the so called cross section for stimulated 
emission is 
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with c0 the speed of light, 299 792 458 m/s in vacuum. The temporal change of the number of 
atoms in the higher state now is not only proportional to the number of atoms in the higher 
state, but also proportional to the number of incident photons, thus the radiant energy density 
ρ(ω)  
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In case of a monochromatic radiation field ρ(ω)= ρ0δ(ω- ω0) and thereby 
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Analogous the number of atoms in case of stimulated absorption is given by  
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Without pumping the optically active system externally, the thermal occupation in the upper 
level at the temperature T is described by the Maxwell-Boltzmann statistics 
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with the Boltzmann constant kB. In fact, all atoms at thermal equilibrium virtually are in the 
ground level, since N2/N1 ≈ exp(-90) in case of ytterbium. The relation between the two Ein-
stein coefficients A and B is 
 
212121 BgBg = , (G.14) 
 
with the degeneracies g1 and g2, and 
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This compilation was extracted from [134,159,161]. 
 
 
 
Laser Rate Equations 
 
The following equations described the superior case of the four level laser transitions. The 
time dependent population change of the upper level of the laser transition is given by [134] 
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The time dependent population change of the terminal level of the laser transition is given by 
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The populations N1 of the terminal and N2 of the upper laser level are now expressed as popu-
lation densities n1 and n2, ntot = n1 + n2 + n0 with n0 the ground state population density. The 
population of the pump band is assumed to be 0 since the transition from this level to the up-
per laser level occurs very rapidly. c = c0/n is the speed of light in the medium, φ is the photon 
density within the laser resonator and σem the stimulated emission cross section. WP is the 
pumping rate already incorporating the quantum efficiency parameter.  
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The fluorescence lifetime τf is determined by the lifetime τ21 of the transitions from the upper 
laser level to the terminal level and to the ground state level τ20,  
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Gain of a Fiber Laser 
 
Already with low pumping rates high amplification values can be reached in a fiber. The gain 
g as function of the fiber length l is calculated with [9] 
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where 
 
N0 = dopant concentration 
σe = emission cross section 
σa = absorption cross section 
γs = σa /σe, adjusting factor 
τ2 = excited state lifetime 
hνp = pump photon energy 
Pabs = total pump power absorbed by the dopant 
A = fiber core area 
F = overlap between pump and signal mode profiles and dopant profile 
ηp = overlap between pump mode intensity profile and dopant profile 
ηs = overlap between signal mode intensity profile and dopant profile 
ξ = correction term 
 
Far below laser threshold, Eq. (G.19) signifies the small signal gain, e.g. in a fiber amplifier. 
Eq. (G.19) is general in that it can be applied to either a three- or a four level laser by simply 
adjusting the factor γs. The first term represents the unsaturated ground-state absorption 
(GSA) at the laser wavelength. For a four level laser, there is no signal GSA, and γs equals 
zero. The correction factor ξ accounts for pump exited state absorption (ESA) and also con-
tains a small correction term owing to ground-state depletion. In the absence of ESA, under 
most practical operation conditions ξ is around 1 if pump and signal wavelengths are close. 
The fact that the laser medium is a waveguide is described by the spatial overlap integrals F, 
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ηp and ηs between the dopant distribution, the signal and/or the pump mode intensity profile. 
[9] 
 
Just before laser action, on every complete two-way passage of the light through the fiber, the 
loss will just equal the gain. The threshold condition therefore is expressed by 
 
1)(221 ==
− lgeRRG α , (G.20) 
 
with the reflectivities of the mirrors R1 and R2 and the absorption coefficient per unit length, 
α, representing all dissipative losses into a single parameter. 
 
Excited atoms can not only lead to amplification by stimulated emission of radiation, but also 
to further absorption processes of the incident pump radiation. The laser threshold is raised 
and the slope efficiency reduced. In some cases, e.g. erbium doped ZBLANG host fiber laser, 
this effect can be useful but in general ESA signifies unwanted losses.  
                                                           
G ZBLAN fibers are heavy metal fluoride glasses, e.g. ZrFM4-BaF2-LaF3-AlF3-NaF with Pb as an example for M. 
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